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ABSTRACT 

Persistent immune activation and inflammation in people living with HIV-1 (PLWH) has been 

associated with higher morbidity and mortality, even in individuals on antiretroviral therapy 

(ART). Microbial translocation, among other factors, has been identified as a major driver of 

persistent immune activation. A subgroup of PLWH collectively known as HIV-1 controllers 

can naturally control the HIV-1 infection without the use of ART. Little is known about the 

extent and the role of microbial translocation/immune activation in African HIV-1 controllers. 

Translocated lipopolysaccharide (LPS), a component of gram-negative bacterial cell walls 

elicits innate immune responses through the activation of the toll-like receptor 4 (TLR4) in a 

complex pathway, which requires the use of cluster of differentiation 14 (CD14), LPS binding 

protein, and Lymphocyte antigen 96 (LY96) also known as Myeloid differentiation factor 2 

(MD-2). Although numerous studies have reported associations of expression levels of the LPS 

recognition and signalling molecules as well as variants in the genes encoding for these 

molecules, with the risk and severity of various inflammatory, autoimmune, and infectious 

diseases, such studies are limited in African populations. Given the large genetic diversity in 

African populations, characterisation of both the constitutive expression levels and genetic 

variation in these molecules is essential to understanding HIV-1 infection in the populations 

most affected by the AIDS epidemic.  

We quantified constitutive expression of cell surface TLR4 and CD14 (mCD14) on monocytes 

and neutrophils using flow cytometry and quantified plasma levels of soluble CD14, LBP, and 

MD-2 using commercially available ELISA kits in two ethnically divergent South African 

populations [healthy HIV-1 uninfected black (n=17) and white (n=21) individuals]. 

Furthermore, the influence of sex and age on the expression levels of these molecules was also 

investigated. We found higher LBP plasma levels in black South Africans compared to white 

South Africans (p<0.0001), however these two populations did not differ significantly in 

expression levels of CD14 (mCD14 and sCD14), TLR4, or MD-2. Sex differences in the TLR4 

expression levels, with higher TLR4 on total monocytes (p=0.016) and CD14+1CD16- 

(p=0.009) and CD14+CD16+ (p=0.009) subsets of monocytes in females compared to males 

were observed in the white South African population but not in the black South African 

population. Significant population and sex-specific negative correlations between age and 

CD14 expression on monocytes, monocyte subsets and neutrophils, and TLR4 expression on 

neutrophils were observed. In addition, we found that there is differential regulation of TLR4 

expression on monocytes and neutrophils between black and white South Africans post 
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stimulation with lipopolysaccharide (LPS) and lipoteichoic acid (LTA). Together, these 

findings suggest that population differences in plasma levels of LBP, and population-specific 

sex differences in TLR4 expression, are likely to differentially impact TLR4 functionality.  

Using whole genome sequencing data (WGS), we next sought to fully describe the genetic 

variation and linkage disequilibrium (LD) patterns in the LBP, CD14, TLR4, and LY96 genes 

in HIV-1 uninfected black South Africans (n=87, SA controls), and compared the 

representation of the variants to select populations from the 1000 Genomes Project. Our results 

revealed that the representation of genetic variants and LD patterns across these genes in the 

SA black population more closely mirrored those of representative African subpopulations 

(Yoruba in Ibadan, Nigeria, and Luhya from Webuye, Kenya) than the European and Asian 

populations. These findings emphasize that there are vast genetic differences in African 

populations compared to non-African populations, which could differentially affect gene 

regulation and associations with various diseases. Several novel variants and putative 

haplotypes were identified in the SA black population which, upon verification in future 

studies, will serve to add to understanding the genetic diversity in this population group.  

Using WGS data, we also assessed the representation of the LBP, CD14, TLR4 and LY96 gene 

variants in a cohort of black South African ART-naïve HIV-1 controllers (n=39) comprised of 

elite controllers (n=21), viraemic controllers (n=6), and high viral load long-term non-

progressors (n=12), relative to the SA controls. Only one CD14 5’ flanking region SNP 

(rs186291587) showed a significant difference in minor allele frequency (MAF) representation 

in elite controllers when compared to SA controls (p=0.024; OR=13.3, CI: 1.3 – 131.4). The 

representation of several TLR4 variants showed significant differences when HIV-1 controllers 

were compared to SA controls and the most significant differences were predominantly found 

in comparison to the HVL LTNPs - the most significant difference observed was 

overrepresentation of two SNPs in complete LD (r2=1), a newly identified intronic variant 

(TLR4 NI-2), and a 3’ flanking region SNP (rs113017335) in HVL LTNPs compared to SA 

controls (p=0.006; OR=24.71, CI: 2.46-248.51). The representation of several LBP variants 

also differed between HIV-1 controllers and SA controls, here predominantly when viraemic 

controllers were compared to SA controls. Minor allele frequency overrepresentation of the 

LBP intronic SNP (rs1250247980) in the total group of HIV-1 controllers (p=0.003), and 

viraemic controllers (p=0.0002), relative to the SA controls, was the most significant difference 

observed. Furthermore, differences in the representation of LY96 variants were observed when 

the total group of HIV-1 controllers, elite controllers and HVL LTNPs were compared to SA 



v 

 

controls - the most significant difference observed was the MAF and heterozygosity 

overrepresentation of an intronic SNP (rs149605245) in elite controllers compared to SA 

controls (MAF: p=0.007; heterozygosity: p=0.007). These results suggest a potential role of 

the LPS recognition and signalling molecules in natural HIV-1 control.  

Lastly, in ART-naïve black South African elite controllers (n=44), HVL LTNPs (n=12), 

progressors (24), and in HIV-1 uninfected controls (HUCs, n=17), we measured and compared 

plasma levels of select innate immune molecules that are considered markers of microbial 

translocation and gut damage (LBP, sCD14, REG3α), or are important in interacting with 

TLR4 (MD-2). We found no differences between groups in plasma levels of LBP and MD-2. 

However, sCD14 was significantly higher in progressors compared to all groups (HUCs, 

p=0.0001; ECs, p<0.0001; HVL LTNPs, p=0.0005), with no differences between HIV-1 

uninfected controls, elite controllers and HVL LTNPs. Plasma levels of REG3α were 

unexpectedly significantly lower in progressors compared to elite controllers (p=0.007) and 

HVL LTNPs (p=0.018), however similar to HIV-1 uninfected controls (p>0.05). Marked sex-

specific differences in REG3α levels were evident, with females having significantly higher 

levels compared to males in all groups (HUCs and ECs, p<0.0001; HVL LTNPs, p=0.036; 

progressors, p=0.005). Our data suggests that in black South Africans, REG3α plasma levels 

are not a reliable marker of gut damage, and that increased levels in elite controllers and HVL 

LTNPs might contribute to protection from excessive systemic activation in the presence of 

microbial translocation, consistent with reduced monocyte activation in these groups. 

Progressors, on the other hand, appear to have an inability to produce REG3α while having 

substantial monocyte activation. Our findings highlight the importance of sex differences, and 

that studies conducted in populations of different ethnic backgrounds are often not directly 

comparable.  

Overall, findings presented in this thesis contribute to the understanding of the baseline 

expression levels and the genetic diversity in the LBP, CD14, TLR4, and LY96 gene complex 

in the black South African population, and the representation of these variants in black South 

African HIV-1 controllers. This thesis also highlights the importance of taking ethnicity, sex, 

and age into consideration when exploring measures that quantify biological parameters. 

Understanding of the molecules important in the TLR4 signalling pathway can help elucidate 

approaches that could contribute to curbing immune activation in the context of HIV-1 

infection, as well as other diseases.  
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1.1   Human Immunodeficiency Virus 

Human Immunodeficiency Virus (HIV), a positive-sense single stranded RNA Lentivirus 

belonging to the Retroviridae family, causes Acquired Immune Deficiency Syndrome (AIDS). 

AIDS was first described over 40 years ago in homosexual males presenting with Kaposi 

sarcoma and other opportunistic infections such as Pneumocystis carinii pneumonia (Durack, 

1981, Gottlieb et al., 1981).  

Two types of HIV have been described, HIV-1 and HIV-2. HIV-1 originates from simian 

immunodeficiency virus (SIV) of the Central African chimpanzee (Gao et al., 1999), whereas 

HIV-2 originates from the SIV of the West African sooty mangabey (Santiago et al., 2005). 

HIV-1 and HIV-2 are morphologically indistinguishable and are differentiated based on their 

genetic characteristics and viral antigen differences (Nyamweya et al., 2013). Compared to 

HIV-2, HIV-1 has higher transmissibility and is more pathogenic (Nyamweya et al., 2013). 

HIV-1 is divided into four different groups, namely groups M (Major), O (Outlier), N (non-M, 

non-O) and P (Putative). The HIV-1 group M is the major circulating group, causing the global 

HIV/AIDS epidemic. It is divided into nine subtypes, subtypes A to D, F to H, J and K (Taylor 

et al., 2008). HIV-2 is comprised of subtypes A to H, with subtypes A and B being the most 

prevalent, and causing the HIV-2 pandemic (Santiago et al., 2005). HIV-1 and HIV-2 subtypes 

exhibit differences in their distribution in different geographical locations. HIV-2 is 

predominantly found in West African populations (Visseaux et al., 2016), whereas HIV-1 

accounts for 95% of the global HIV infections.   

 HIV epidemiology   

Globally, approximately 84 million people have been infected with HIV since the beginning 

of the epidemic and over 40 million people have died from HIV/AIDS related illnesses (WHO, 

2022). In 2021, 650 000 people died from HIV/AIDS related illnesses, compared to the 1.7 

million and 1.2 million people who died in 2005 and 2010, respectively (UNAIDS, 2022). The 

World Health Organisation (WHO) estimates that over 38.4 million people are currently living 

with HIV worldwide (WHO, 2022). An estimate of 1.5 million new infections were reported 

in 2021, indicating a 54% decline in new infections since 1996 (3.2 million), and a 32% decline 

since 2010 (2.2 million) (UNAIDS, 2022). The sub-Saharan African region is most affected by 

the HIV epidemic, accounting for over 67% of the HIV global infections, with 25.6 million 

people living with HIV (UNAIDS, 2022). South Africa has the highest number of people living 

with HIV worldwide, currently estimated at 7.5 million people. However, Eswatini (27.9%), 
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Lesotho (20.9%), and Botswana (18.6%) have a higher HIV prevalence in adults compared to 

South Africa (18.3%) (UNAIDS, 2022).  

 Antiretroviral treatment  

There is currently no cure for HIV/AIDS. Antiretroviral therapy (ART) is a lifelong treatment 

to manage the disease. Highly active antiretroviral therapy (HAART) is an ART regimen which 

involves the use of three or more antiretrovirals (ARVs), which target different stages of the 

HIV-1 replication cycle. Currently, there are over 25 ARV drugs available, belonging to six 

different classes targeting different stages of the HIV-1 replication cycle (Eggleton and Nagalli, 

2020) as shown in Figure 1.1. The six classes of ARV drugs are chemokine receptor 

antagonists (CCR5 antagonists), fusion inhibitors, nucleoside/nucleotide reverse transcriptase 

inhibitors, non-nucleoside reverse transcriptase inhibitors, integrase inhibitors, and protease 

inhibitors (Arts and Hazuda, 2012). ART suppresses HIV-1 replication thereby reducing HIV 

viral load, attenuating disease progression and transmission, and improving immune function 

(Eggleton and Nagalli, 2020). 

Worldwide access to ART has increased from 2 million people in 2005 to approximately 28.7 

million people in 2021. This corresponds to an increase in treatment coverage from 7% to 75% 

(UNAIDS, 2022). The increased ART coverage has successfully reduced morbidity and 

mortality in people living with HIV-1 (Montaner et al., 2014). The use of ART has reduced 

HIV/AIDS related mortalities by 68% since 2004 (UNAIDS, 2022). South Africa has the 

biggest ART programme in the world with over 5.5 million people currently on treatment 

(UNAIDS, 2022).  

Although ART is lifesaving, it has several limitations. HIV drug resistance is common and 

occurs due to several factors including the high mutation rate during HIV replication, ART 

defaulting, poor adherence, and incomplete viral suppression (Clavel and Hance, 2004). The 

use of ART is also associated with high costs, severe side effects in some individuals (Rudorf 

and Krikorian, 2005), rapid rebound of viral replication upon treatment interruption (Davey et 

al., 1999) and most importantly, incomplete restoration of the immune system (Valdez et al., 

2002). In addition, although ART has reduced HIV/AIDS related mortalities, the mortality rate 

is still higher in people living with HIV-1 on ART than the general population (Sandler and 

Douek, 2012, de Coninck et al., 2018). The higher mortality rate has been attributed to, among 

other things, inflammation and immune activation, which persists even in individuals on ART 

with undetectable viral loads (Lichtfuss et al., 2011). People living with HIV-1 on ART are 
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also at higher risk of developing non-AIDS defining illnesses such as cardiovascular disease, 

kidney disease, cancer and liver disease (Deeks et al., 2013). This illustrates the need for 

continued research to identify new strategies for an HIV vaccine and cure.   

 

Figure 1.1: HIV life cycle. Reproduced from (https://aidsinfo.nih.gov/understanding-hiv-

aids/fact-sheets/19/73/the-hiv-life-cycle). 

 Clinical course of HIV-1 infection 

The clinical course of HIV-1 infection is generally divided into 3 stages, primary infection 

(acute phase), clinical latency (chronic or asymptomatic phase) and AIDS (Figure 1.2).  

https://aidsinfo.nih.gov/understanding-hiv-aids/fact-sheets/19/73/the-hiv-life-cycle
https://aidsinfo.nih.gov/understanding-hiv-aids/fact-sheets/19/73/the-hiv-life-cycle


5 

 

Primary HIV-1 infection is from initial HIV-1 entry to the completion of seroconversion and 

is characterized by the development of HIV-1 specific antibodies (Kassutto and Rosenberg, 

2004). Some patients with primary HIV-1 infection experience acute retroviral syndrome with 

flu-like symptoms occurring 2 to 6 weeks post HIV-1 exposure (Schacker et al., 1996). The 

acute retroviral syndrome usually coincides with high levels of viraemia and the initiation of 

the immune responses in the form of HIV-1 specific antibodies and CD8+ cytotoxic T 

lymphocytes and CD4+ T helper HIV-specific responses (Kassutto and Rosenberg, 2004, 

Coffin and Swanstrom, 2013). There is a transient decline in CD4+ T cells in peripheral blood 

during the primary HIV-1 infection as a result of high viral loads (Weber, 2001). The partial 

control of viraemia by the immune system, and the exhaustion of target cells, both result in a 

decline in the level of viraemia at the end of the primary HIV-1 infection (Coffin and 

Swanstrom, 2013). Although this results in CD4+ T cell recovery, the CD4+ T cell levels are 

not restored to their pre-infection baseline levels (Weber, 2001).  

The clinical latency or chronic stage is an asymptomatic phase characterised by a steady 

increase in viraemia and CD4+ T cell decline (Coffin and Swanstrom, 2013). The viral load set 

point is the average viral load achieved by an individual in the period directly after primary 

infection and is an early predictor of the rate of disease progression and mortality (Mellors et 

al., 1996, Lavreys et al., 2006). The set point is established at the end of primary infection and 

the time to reach the set point after infection is variable between individuals and population 

groups (Huang et al., 2012). The balance between the virus turnover and immune responses 

maintains the viral load set point in the absence of ART (McMichael et al., 2010). Early 

initiation of ART during primary infection has been associated with a lower immune activation 

set point (Jain et al., 2013), and enhanced recovery of the CD4+ T cell count (Le et al., 2013). 

The progressive depletion of CD4+ T cells to less than 200 cells/μl marks the onset of AIDS 

(Coffin and Swanstrom, 2013). This stage of HIV-1 infection is characterised by susceptibility 

to opportunistic infections such as pulmonary tuberculosis, pneumococcal pneumonia, 

cryptococcal meningitis, oropharyngeal candidiasis and Kaposi’s sarcoma (Jung and Paauw, 

1998).  

In the absence of ART, the clinical course of HIV-1 infection is highly variable. The 

mechanisms underlying the variability are complex and multifactorial. In untreated individuals, 

different HIV-1 disease phenotypes have been described. These include typical progressors, 

rapid progressors and slow progressors (also broadly referred to as HIV-1 controllers). Typical 

progressors, comprising the majority of people living with HIV-1 (70-80%), progress to AIDS 



6 

 

within 6 to 8 years (Pantaleo and Fauci, 1996); rapid progressors (10-15%) progress to AIDS 

within 2 to 3 years (Pantaleo and Fauci, 1996); whereas slow progressors (5%) can remain 

healthy for more than 10 years. 

 

 

Figure 1.2: Clinical course of HIV-1 infection. Image source (O'Brien and Hendrickson, 

2013). 

1.2   Natural control of HIV-1 

In the absence of ART, a small group (5-15%) of people living with HIV-1 can naturally control 

the HIV-1 infection. These individuals are collectively known as HIV-1 controllers (HICs). 

HIV-1 controllers are a heterogeneous group of individuals exhibiting different levels of HIV-

1 control and hence they are divided into different groups: elite controllers (ECs), viraemic 

controllers (VCs) and high viral load long-term non-progressors (HVL LTNPs). There is, 

however, variation in the nomenclature and definitions of these groups between different 

studies (Gurdasani et al., 2014).  

Elite controllers, making up less than 1% of people living with HIV-1, are characterised by 

their ability to maintain undetectable viral loads (<50 RNA copies per ml of plasma) and 

normal CD4+ T cell counts (>500 cells/μl) (Okulicz and Lambotte, 2011). Viraemic controllers 

maintain viral loads greater than 50 RNA copies but less than 2000 RNA copies and normal 
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CD4+ T cell counts (Gurdasani et al., 2014). This group of HIV-1 controllers is more common 

than elite controllers, with a prevalence of 3.3%.  

Unlike elite controllers and viraemic controllers who maintain undetectable/low viral loads, 

HVL LTNPs are people living with HIV-1 who have the ability to maintain normal CD4+ T 

cell counts in the presence of high viral loads (>10 000 RNA copies per ml) without ART 

(Hunt, 2009) for an extended period (typically >7 years). This extreme HIV-1 phenotype is 

rare in adults living with HIV-1 (Rotger et al., 2011). In ART naïve children, paediatric non-

progressors account for 5-10% of children living with HIV-1. Paediatric non-progressors 

resemble HVL LTNPs in that they maintain high CD4+ T cell counts in the presence of high 

viral loads (Adland et al., 2015, Muenchhoff et al., 2016). HVL LTNPs and paediatric non-

progressors are characteristically similar to SIV infected sooty mangabeys, which are natural 

SIV hosts. SIV infected sooty mangabeys maintain high CD4+ T cell counts and do not develop 

simian AIDS despite high levels of viral replication (Silvestri et al., 2003).  

Mechanisms underlying the natural control of HIV-1 infection are not clearly understood, and 

they include both viral and host factors. Table 1.1 shows some of the mechanisms involved in 

natural control of HIV-1 infection (Deeks and Walker, 2007). Some HIV-1 controllers are not 

in possession of known protective mechanisms, suggesting that additional mechanisms are still 

to be identified. 

Over time, a proportion of HIV-1 controllers experience virological, immunological and 

clinical progression due to factors not clearly understood (Groves et al., 2012, Leon et al., 

2016). A number of studies have implicated immune activation as a driving force in disease 

progression. In some elite controllers, with high levels of immune activation, a decline in CD4+ 

T cell counts has been observed, despite undetectable viral loads. (Andrade et al., 2008). Higher 

levels of chronic immune activation and low-grade inflammation have been observed in elite 

controllers compared to virally suppressed individuals on ART (Hunt et al., 2008, Krishnan et 

al., 2014). HIV-1 controllers who experience disease progression have higher levels of immune 

activation and inflammation before progressing (Noel et al., 2015). Additionally, Pernas et al. 

(2018) found that elite controllers with low levels of Gag-specific T cell responses, high pro-

inflammatory cytokines, and high viral diversity, were more likely to experience loss of 

virologic control. Elite controllers have also been shown to be at higher risk for non-AIDS 

defining illnesses (Pereyra et al., 2012). 
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Table 1.1: Potential Mechanisms for Virus Control in HIV-1 Controllers [Reproduced from 

(Deeks and Walker, 2007)]. 

 

Some elite controllers experience viral load blips which are defined as temporary, low level 

increases in viral load to detectable levels followed by suppression to undetectable levels 

without any intervention or change in ART regimen (Farmer et al., 2016). The use of ART in 

elite controllers is still controversial. A number of studies have shown that treating elite 

controllers with ART results in increased CD4+ T cell counts, but the gains in CD4+ T cells 

are lower than that the gains in non-controllers on ART (Okulicz et al., 2010, Boufassa et al., 

Mechanism Evidence  

Adaptive Immune Responses 

HIV-specific CD8+ T cells 

Controllers are enriched in certain class I HLA alleles and 

often have CD8+ T cells that produce multiple cytokines 

and/or proliferate in response to HIV peptides 

HIV-specific CD4+ T cells 

Controllers often have CD4+ T cells that express high 

amounts of HIV specific IL-2 and interferon-γ in response to 

HIV peptides 

Innate Immune Responses 

Natural killer cells 

Controllers are strongly enriched for certain NK cell 

receptors that are involved in regulating the function of these 

cells 

Plasmacytoid dendritic cells 

(PDCs) 

The number and/or function of PDCs are high in some 

controllers 

Reduced cellular entry 

Controllers are enriched for genetic polymorphisms in the 

CCR5 pathway associated with reduced amounts of this 

viral co-receptor and/or have high amounts of CCR5 ligands 

that may compete with HIV for cell entry 

Immunoregulation 

T regulatory cells 

T regulatory cells—which blunt antigen-specific T cell 

responses—are low in some HIV controllers, particularly in 

lymphoid tissues 

Attenuated viruses 

Some controllers harbour viruses containing mutations 

and/or deletions in key regulatory or accessory genes, 

particularly nef 

 Mutations induced by CD8+ T cell pressure leading to 

reduced viral fitness 
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2014). Importantly, treating elite controllers with ART has been shown to result in decreased 

immune activation (Sedaghat et al., 2009).  

A subgroup of elite controllers are considered exceptional elite controllers.  Exceptional elite 

controllers achieve a high degree of viral control without disease progression for more than 25 

years (Casado et al., 2020). These individuals have been shown to have distinct proviral 

reservoirs (Jiang et al., 2020), low levels of proviral DNA (Mendoza et al., 2012), and low 

levels of T cell activation than elite controllers who experience viral load blips (Canouï et al., 

2017). Jiang et al. (2020) also described an exceptional elite controller with no detectable intact 

proviral sequences, suggesting that this elite controllers is cured.  

1.3   Immune activation in HIV-1 infection 

Chronic immune activation, inflammation and progressive depletion of CD4+ T cells from 

blood, mucosal tissues and lymphoid organs are hallmarks of HIV-1 infection (Marchetti et al., 

2013). In SIV infected sooty mangabeys, non-human primates who do not progress to simian 

AIDS, chronic immune activation is absent despite high levels of SIV replication (Silvestri et 

al., 2003). This illustrates the importance of immune activation in progression to AIDS and 

suggests that viral replication is not solely responsible for the progressive depletion of CD4+ 

T cells that results in AIDS (Silvestri et al., 2003).   

 HIV-1 infection activates both the innate and adaptive arms of the immune system. Although 

CD4+ T cells are the lymphocytes primarily affected by the HIV-1 infection, other leukocyte 

subsets are also affected (Klatt et al., 2013). Chronic HIV-1 infection is associated with high 

levels CD4+ and CD8+ T cell activation and turnover (Hellerstein et al., 1999, Hazenberg et 

al., 2000). Although ART reduces levels of T cell activation, in virally suppressed people living 

with HIV-1, the levels of activation remain elevated compared to HIV-1 uninfected individuals 

(Valdez et al., 2002). Elevated CD4+ and CD8+ T cell immune activation levels associate with 

shorter survival time independent of viral load (Giorgi et al., 1999) and with poor ART 

mediated CD4+ T cell recovery (Hunt et al., 2003). Additionally, CD8+ T cell activation 

independently predicts disease progression and mortality in people living with HIV-1 on ART 

(Hunt et al., 2011). Low CD4+ T cell count and high levels of CD4+ T cell activation prior to 

HIV seroconversion associate with higher risk of developing AIDS after seroconversion 

(Hazenberg et al., 2003). In people living with HIV-1 on ART, low CD4/CD8 ratio is 

associated with morbidity and mortality from serious non-AIDS events (Serrano-Villar et al., 

2014).  
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HIV-1 infection is also characterised by high levels of polyclonal B cell activation and 

dysfunction, which impacts antibody production (Lane et al., 1983). HIV-1 infection also 

affects the phenotype and function of natural killer cells (NK cells), leading to reduced cytokine 

production, dysfunctional homing and increased cytotoxicity (Alter et al., 2004, Reeves et al., 

2010). High levels of pro-inflammatory cytokines such as interferon-α (IFN-α), Interleukin-1 

(IL-1), IL-6, IL-18 and tumour necrosis factor-α (TNF-α) are also present in PLWH (Connolly 

et al., 2005). Plasma levels of IL-6 and the coagulation biomarker D-dimer have been shown 

to be predictors of death and serious non-AIDS defining illnesses in ART treated people living 

with HIV-1 (Grund et al., 2016).   

 Causes of immune activation  

The causes of underlying immune activation during HIV-1 infection are complex and 

multifactorial. Several factors which directly or indirectly cause persistent immune activation 

and inflammation have been identified including HIV-1 replication, viral and other co-

infections and microbial translocation.  

The continuous HIV-1 replication during the HIV-1 infection course in itself causes immune 

activation. HIV-1 antigens can cause immune activation directly or indirectly (Appay and 

Sauce, 2008). Direct immune activation results from the infection of T cells (recognition and 

T cell activation) (Hunt, 2007). Indirect immune activation has been shown by in vitro studies 

where the binding of gp120 to CD4 or co-receptors is able to activate cells even in the absence 

of a direct infection (Merrill et al., 1989). The HIV-1 Nef protein induces the production of the 

chemokines, macrophage inflammatory proteins 1α (MIP-1α; CCL3) and MIP-1β (CCL4), and 

soluble factors, sICAM and sCD23, by HIV-1 infected macrophages (Swingler et al., 1999). 

This results in the recruitment and activation of resting T cells, making them more susceptible 

to infection by HIV-1 (Swingler et al., 1999). HIV-1 replication can also indirectly cause 

immune activation through the depletion of regulatory T cells (Tregs) (Eggena et al., 2005). 

Tregs are CD4+CD25brightCD62Lhigh cells involved in down-regulation of T-cell activation 

(Eggena et al., 2005).  

Viral infections such as Epstein-Barr virus (EBV), cytomegalovirus (CMV), hepatitis B virus 

(HBV), and hepatitis C virus (HCV) are common in individuals living with HIV-1. These co-

infections contribute to immune activation, including in individuals with HIV-1 on ART 

(Naeger et al., 2010). With HIV-1/CMV coinfection, approximately 10% of the circulating 

memory T cells were found to be CMV-specific (Sylwester et al., 2005). Valganciclovir 
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treatment of asymptomatic CMV, in ART treated HIV-1 infection, results in decreased 

frequencies of activated CD8+ T cells, showing that CMV significantly contributes to immune 

activation in these individuals (Naeger et al., 2010). In addition to coinfections with viruses, 

bacterial and fungal coinfections also contribute to the immune activation in PLWH (Vinhaes 

et al., 2021).   

Microbial translocation has also been shown to cause persistent immune activation in people 

living with HIV-1 as well as in SIV infected rhesus macaques (Brenchley et al., 2006).  

1.4   Microbial translocation  

Microbial translocation is defined as the passage of microbes (whole bacteria or fungal cells) 

or microbial products from the gastrointestinal tract into the circulatory system (Alexander et 

al., 1990). Translocated microbial products include ribosomal DNA, lipoteichoic acid (LTA), 

peptidoglycan, lipopolysaccharide (LPS), flagellin and unmethylated CpG-containing DNA 

(Sandler and Douek, 2012). The lumen of the gastrointestinal tract harbours a large quantity of 

different bacterial species, which play a central role in human health by influencing human 

physiology, nutrition, metabolism and immune function (Guinane and Cotter, 2013). The 

interactions between the gut microbiota and the host are complex and can be either beneficial 

or detrimental.  

 Defences against microbial translocation  

In healthy individuals, there are several physical and immunological factors that prevent the 

translocation of symbiotic bacteria from the gastrointestinal tract to the systemic circulation. 

Firstly, the mucous layer of the gastrointestinal tract protects the epithelial surfaces, primarily 

through the gel-forming properties of glycoprotein mucins (Brenchley and Douek, 2012). 

Glycoprotein mucins are constituents of the mucus layer and their role is to protect the 

epithelial cells from dehydration, infection, and chemical or physical damage (Perez-Vilar and 

Hill, 1999). A tight barrier of epithelial cells in the gastrointestinal tract also prevents microbial 

translocation. The gastrointestinal tract epithelium is predominantly comprised of enterocytes, 

enteroendocrine cells, goblet cells, and Paneth cells (Xu and Ghishan, 2018). While enterocytes 

and enteroendocrine cells are involved in nutrient absorption and secretion of peptide 

hormones, respectively, goblet cells produce the protective mucins and Paneth cells secrete 

growth factors, digestive enzymes and antimicrobial defensins (Xu and Ghishan, 2018).  

Microbial products traversing the mucous layer and the epithelial barrier can be cleared by 

specialised intestinal macrophages before they enter the circulatory system (Smith et al., 2005). 
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These macrophages phagocytose microbial products without resulting in the production of pro-

inflammatory cytokines and this has been attributed to the fact that they do not express innate 

immune response receptors (Smith et al., 2005, Smythies et al., 2005). Microbes or microbial 

products, which bypass the specialised intestinal macrophages are transported to the liver via 

the portal vein, and they are cleared through phagocytosis by the Kupffer cells (Broadley et al., 

2016, Zeng et al., 2016). High levels of immunoglobulin (Ig) M, IgG, and IgA specific for the 

LPS core antigen, termed endotoxin core antibodies (EndoCAb), are present in healthy 

individuals (Cohen and Norins, 1966, Strutz et al., 1999). These antibodies bind and neutralise 

LPS in the circulatory system. Additionally, LPS can be cleared by high-density lipoproteins 

in the presence of high concentrations of soluble cluster of differentiation 14 (sCD14) and LPS-

binding protein (LBP) without initiating inflammatory immune responses (Kitchens et al., 

2001, Zweigner et al., 2001).  

 Causes of microbial translocation  

Several factors contributing to microbial translocation have been described. The disruption of 

the tight epithelial junctions of the epithelial layer is a major cause of microbial translocation. 

The production of pro-inflammatory cytokines due to the HIV-1 infection induces abnormal 

enterocyte differentiation and apoptosis of the enterocytes causing the disruption of tight 

epithelial junctions (Epple et al., 2010, Sandler and Douek, 2012). Exposure to HIV-1 directly 

impairs the integrity of the epithelial barrier (Nazli et al., 2010). The preferential depletion of 

CD4+ T cells from the gut-associated lymphoid tissue (GALT) in the acute stage of HIV-1 

infection results in the loss of T helper 17 cells (Th17) cells (Brenchley et al., 2008). Th17 cells 

are involved in neutrophil recruitment, antimicrobial peptide production, and epithelial 

regeneration through IL-17 and IL-22 production (Liu et al., 2009).   

In people living with HIV-1 coinfected with Hepatitis C, the loss of Kupffer cells results in 

reduced clearance of microbial products, promoting microbial translocation (Balagopal et al., 

2009). In addition, HIV-1 infection leads to the depletion of macrophages and defective 

macrophage phagocytosis, which contributes to the impaired clearance of microbial products 

and allows them to enter the circulatory system (Kedzierska et al., 2003). During HIV-1 

infection, there is B cell dysregulation resulting in low levels of IgA, which might lead to 

bacterial overgrowth contributing to increased microbial translocation (Kulkarni and Ruprecht, 

2017). IgA is important in microbial clearance. It binds to bacteria and transports them back to 

the lumen from the lamina propria or binds to the bacteria to prevent them from binding to 
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epithelial cells, and also binds and neutralizes microbial products (Macpherson et al., 2012, 

Klatt et al., 2013).  

 LPS recognition and signalling  

Translocated microbial products can directly elicit innate immune responses through activation 

of toll-like receptors (TLR1 to TLR9) and nucleotide-binding oligomerization domain 1 and 2, 

resulting in production of cytokines (Sandler and Douek, 2012). LPS, a major component of 

the gram-negative bacterial outer cell wall, initiates signal transduction though the TLR4 

receptor (Ulevitch and Tobias, 1995). Structurally, LPS consists of a hydrophobic domain 

which is a lipid A molecule, a non-repeating “core” oligosaccharide (core sugar), and a distal 

polysaccharide (O-antigen) (Raetz and Whitfield, 2002). The Lipid A component of LPS is the 

endotoxin and the important component for TLR4 recognition (Kawai and Akira, 2010).  

The recognition and binding of LPS to TLR4 for signalling requires accessory molecules and 

receptors which include LPS-binding protein (LBP), CD14 and Lymphocyte antigen 96 

(LY96), also known as Myeloid differentiation factor 2 (MD-2) (Lu et al., 2008). LBP binds to 

LPS and catalytically transfers it to membrane bound CD14 (mCD14) or soluble CD14 

(sCD14), which subsequently transfers it to MD-2, in the TLR4-MD-2 complex. The binding 

of LPS to MD-2 in the TLR4-MD-2 complex, results in conformational changes in TLR4 that 

initiate downstream signal transduction resulting in Nuclear factor-kappa beta (NF-ⱪβ) 

activation and production of cytokines (Park et al., 2009, Widera et al., 2019). The TLR4 

signalling pathways are shown in Figure 1.3 and will be discussed in detail in Section 1.5.4. 
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Figure 1.3: A Schematic representation of the TLR4 signalling pathway. LPS binds to LBP and 

transfers it to mCD14 or sCD14 (not shown) depending on the cell type. CD14 then transfers the LPS 

to TLR4 bound MD-2 causing conformational changes, which enables the recruitment of adapter 

molecules and TLR4 signal transduction through MyD88-dependent and MyD88-independent 

pathways. The MyD88-independent pathway occurs post receptor complex internalisation by 

endocytosis. Image reproduced from (Widera et al., 2019).   

 

1.5   TLR4 signalling receptors and accessory molecules 

 Lipopolysaccharide binding protein (LBP) 

Lipopolysaccharide binding protein is a 58–60 kDa glycosylated protein constitutively 

produced by the hepatic cells of the liver and is produced at higher levels during acute phase 

responses (Schumann et al., 1996, Hubacek et al., 1997). LBP is structurally and functionally 

related to bactericidal/permeability-increasing protein (BPI), which also binds to LPS, but 

binding of BPI to LPS diminishes the immune response through neutralisation of LPS (Elsbach 

and Weiss, 1995, Beamer et al., 1998).  
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LBP binds to the lipid A moiety of the LPS and catalytically transfers LPS to mCD14 on cells 

or sCD14 in plasma to initiate the LPS signal transduction. The binding of LBP to mCD14 is 

not solely dependent on the LPS binding to LBP; it is also dependent on the relative amount of 

LPS to LBP (Gegner et al., 1995). In low concentrations, LBP catalytically transfers LPS to 

CD14; however in high concentrations LBP can clear the LPS or LPS/CD14 complexes without 

the activation of the TLR4 receptor, thereby inhibiting an immune response to LPS (Zweigner 

et al., 2001).  

 

In animal studies, it has been shown that approximately half of the LPS introduced into the 

circulatory system is cleared though binding to leukocytes which can initiate immune 

responses, while the remaining LPS binds to circulating lipoproteins and gets cleared by the 

liver (Mathison and Ulevitch, 1979). High-density lipoproteins have been identified as the 

major lipoproteins involved in LPS neutralisation (Vesy et al., 2000). The multiple roles LBP 

plays in LPS response and LPS clearance are illustrated in Figure 1.4. LBP is the main protein 

involved in the extraction of LPS from bacterial membranes with the subsequent transfer to 

CD14 or directly to high-density lipoproteins (HDL) for clearance (Vesy et al., 2000).  LPS-

LBP complexes can also be cleared through internalisation, and this process occurs after the 

binding to mCD14 and is independent of the LPS signal transduction pathway (Gegner et al., 

1995). Another study also showed that LBP attenuates LPS responses even after the transfer of 

LPS to mCD14, by rapidly removing LPS bound to mCD14 and MD-2 (Thompson et al., 2003).  
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Figure 1.4: A model showing the interaction between lipopolysaccharide (LPS), LPS binding protein 

(LBP), high-density lipoproteins (HDL) and membrane (m) CD14-expressing cells, showing that LBP 

can transfer LPS to either mCD14 expressing cells, soluble CD14 or HDL. In turn, sCD14 transfers the 

LPS to mCD14 or to HDL; sCD14 can also transfer LPS from mCD14 to HDL. Image redrawn from 

(Vesy et al., 2000). 

  

 

1.5.1.1 LBP gene 

The LBP gene is located on the long arm of chromosome 20 (20q11.2), in a region that also 

encodes the BPI gene (Gray et al., 1993). It is comprised of 14 exons and is approximately 28.5 

kb in length (Hubacek et al., 1997).   

 

1.5.1.2 LBP genetic variants  

Given that the different functions of LBP are dependent on the circulating levels, variants that 

affect LBP structure and expression levels can affect immune response to LPS, as well as the 

pathogenicity of various bacterial infections and diseases. In the coding region of the LBP gene, 

a +988C>T (rs2232613) single nucleotide polymorphism (SNP) has been associated with 

reduced cytokine production after LPS stimulation and an elevated risk of mortality from 

pneumonia and sepsis (Eckert et al., 2013). It has been suggested that the +988C>T mutation 

sCD14
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HDL

TLR4

Monocyte
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introduces a proteinase cleavage site with the resulting mutant protein having reduced LPS and 

lipopeptide binding capabilities (Eckert et al., 2013).  

 

Chien et al. (2008) found an association between the rs2232582 SNP (a synonymous Proline 

mutation) and gram-negative bacteraemia. They used the rs2232582 SNP as a tagSNP for nine 

LBP SNPs in linkage disequilibrium (LD) and three of those SNPs, namely, rs2232571, 

rs2232575, and rs2232578 were located in 5’ LBP promoter region, with the rs2232571 SNP 

being associated with higher LBP plasma levels (Chien et al., 2008). The rs2232571 SNP is a 

C to T substitution (position: -788) in the CAAT box (transcription factor binding site) and the 

location of this SNP suggests that this variant might be enhancing the efficiency of the LBP 

promoter (Schumann et al., 1996, Chien et al., 2008).   

Another variant, the rs2232618 SNP in the LBP gene, has been associated with the risk of 

sepsis and multiple organ dysfunction after trauma (Zeng et al., 2012a, Lu et al., 2018). This 

rs2232618 SNP results in a phenylalanine to leucine substitution in the C–terminal domain of 

LBP, a region essential for CD14 binding, and causes spatial conformational changes to the C–

terminal domain active centre (Zeng et al., 2012a). In vitro studies showed that the presence of 

the rs2232618 SNP resulted in enhanced LPS transfer from CD14 and LPS induced cell 

activation (Zeng et al., 2012a).   

A four SNP haplotype comprised of the rs1780616, rs5741812, rs2232571 and rs1780617 

SNPs in the 5’ LBP promoter region has also been associated with the risk of severe sepsis 

(Flores et al., 2009). Homozygosity for the four SNP haplotype was associated with higher 

LBP serum levels over time and at specific time points in individuals with sepsis when the data 

was controlled for demographic and clinical factors (Flores et al., 2009). It is important to note 

that the rs2232571 SNP, part of this four SNP haplotype, has been previously associated with 

higher plasma levels of LBP in healthy individuals as mentioned above (Chien et al., 2008).   

 Cluster of differentiation 14 (CD14)  

Cluster of differentiation 14 exists as a glycosylphosphatidylinositol-anchored protein 

(mCD14) mostly expressed on the surfaces of monocytes, macrophages and neutrophils and as 

a soluble form (sCD14) derived from cleavage of the mCD14 or direct secretion from the liver 

(Ulevitch and Tobias, 1995, Su et al., 1999). The CD14 protein is approximately 50- to 55kD 

in size.  
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In the TLR4 signalling pathway, mCD14 plays a major role as a receptor for LPS-LBP 

complexes (Wright et al., 1990). The soluble form of CD14 (sCD14) also binds LPS-LBP 

complexes in cells which do not express mCD14 conferring responsiveness to LPS (Frey et al., 

1992, Pugin et al., 1993). Soluble CD14 transfers the LPS from the LBP to either mCD14 or 

directly to TLR4-MD-2 complexes (Pugin et al., 1993). LPS binds to the NH2-terminal 

hydrophobic pocket in the CD14 structure (Viriyakosol and Kirkland, 1995, Kim et al., 2005), 

with its binding to CD14 being enhanced by the LBP (Schumann et al., 1990). Upon the transfer 

of LPS from LBP, CD14 subsequently transfers the LPS to MD-2, in the TLR4-MD-2 complex 

in order to initiate LPS signalling. The region near the NH2-terminal pocket of the CD14 has 

been implicated in the transfer of LPS from CD14 to MD-2 (Kim et al., 2005).  

Like LBP, sCD14 is also involved in neutralisation of LPS. Subsequent to LBP transferring 

LPS to sCD14, LPS is transferred to either mCD14 to initiate the immune response or to HDL 

for neutralisation (Vesy et al., 2000). However, unlike LBP, sCD14 also has the ability to 

transfer LPS from the surface of mCD14 expressing monocytes to HDL for neutralisation as 

illustrated in Figure 1.4 (Kitchens et al., 1999). The transfer of LPS to HDL is concentration 

dependent. When present in high concentrations, sCD14 can down-regulate immune responses 

to LPS, through the binding and transfer of LPS to plasma lipoproteins (Kitchens et al., 2001). 

In addition to its role in LPS recognition through the TLR4, CD14 is also involved in the TLR2 

signalling pathway triggered by a range of bacterial cell wall components such as 

peptidoglycan, lipoteichoic acid (LTA) and lipoarabinomannan (Pugin et al., 1994, Means et 

al., 1999, Schroder et al., 2003, Dziarski and Gupta, 2005). LTA is a major component of the 

cell wall of gram-positive bacteria, and a major virulence factor (Jang et al., 2015).  

1.5.2.1 CD14 gene  

The CD14 gene is located on the long arm of chromosome 5 (5q23-q31) in a region which 

encodes for receptors and growth factors (Goyert et al., 1988). The CD14 gene only has two 

exons and is approximately 1.9 kb in length.   

1.5.2.2 CD14 genetic variation  

Polymorphisms in the CD14 gene have been shown to affect expression levels of both mCD14 

and sCD14. A CD14 promoter region SNP, -159C>T also known as -260C>T (rs2569190) 

(Eng et al., 2004) has been extensively studied. Homozygosity (TT) for the -159C>T/-260C>T 

mutation in the promotor region of CD14 has been associated with higher levels of circulating 

sCD14 and higher mCD14 density on monocytes (Baldini et al., 1999, Hubacek et al., 1999, 



19 

 

Eng et al., 2004, Lin et al., 2007, Levan et al., 2008). The homozygous mutant genotype for 

the -159C>T/-260C>T SNP has also been associated with higher production levels of TNF-α 

and IL-6, and lower levels of IL-10 upon LPS stimulation (Lin et al., 2007) and increased TNF-

α production after Chlamydiae stimulation (Eng et al., 2004). The -159C>T/-260C>T mutation 

enhances transcriptional activity of CD14 by decreasing the binding affinity of the GC box for 

Sp3 transcription factor (LeVan et al., 2001). The Sp3 transcription factor is known for 

inhibiting promotor activity in various genes. In addition, mutant allele homozygosity for the 

CD14 SNPs, rs3138078 and rs2915863 has been associated with sCD14 levels (Levan et al., 

2008). These SNPs are located in the 5’ untranslated region (UTR) of the CD14 gene. A recent 

study conducted in individuals of African ancestry reported associations between lower plasma 

levels of sCD14 and a CD14 promotor SNP (rs75652866) as well as a rare frameshift deletion 

(rs770147646) (Stanislawski et al., 2021).  

In a study conducted on asthmatic black South African children, -159C>T/-260C>T genotypes 

were not observed to influence sCD14 levels (Makamure et al., 2017). In children, it has been 

shown that differences in DNA methylation affects the association of CD14 polymorphisms 

with levels of sCD14. A longitudinal study investigated the association of four CD14 SNPs 

(rs2569191, rs5744455, rs2569190 and rs4914) with sCD14 levels at different ages (birth, two 

years and 10 years) (Munthe-Kaas et al., 2010). They found that the rs2569191, rs5744455, 

and rs2569190 SNPs were associated with sCD14 levels at birth and at two years, however, 

only the rs5744455 SNP associated with sCD14 at 10 years of age (Munthe-Kaas et al., 2010). 

Importantly, CD14 methylation was significantly increased from two to 10 years of age, and 

was inversely associated with levels of sCD14 at the age of 10 years (Munthe-Kaas et al., 

2010).  

Regulation of CD14 gene expression is important in a range of different diseases, and 

consequently, polymorphisms in the CD14 gene have been associated with a number of 

diseases. These include myocardial infarction in different populations (Hubacek et al., 1999, 

Unkelbach et al., 1999, Shimada et al., 2000), asthma (Nabih et al., 2016), and sepsis (Wang 

et al., 2014).  

 Myeloid differentiation factor 2 (MD-2) 

Myeloid differentiation factor 2, also known as Lymphocyte antigen 96 (LY96), is a 20-30-

kDa glycoprotein that binds to the extracellular domain of TLR4 and confers responsiveness 

to LPS (Shimazu et al., 1999, Gray et al., 2010). MD-2 binds to the amino-terminal region of 
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the TLR4 extracellular domain to form the TLR4/MD-2 complex (Fugimotti et al 2004). MD-

2 is an endotoxin-binding molecule; it binds to LPS with high affinity to facilitate its transfer 

from CD14. A 14 amino acid sequence in the MD-2 protein, which has Lys128 and Lys132 

residues, is required for LPS recognition (Manček et al., 2002, Visintin et al., 2003). Resman 

et al. (2009) showed that hydrophobic residues located at position 82, 85 and 87 of the MD-2 

protein are essential for TLR4 activation and the transfer of LPS from CD14 to MD-2.   

Post synthesis, MD-2 is either directly secreted as a soluble active protein by primary cells or 

binds directly to TLR4 in the endoplasmic reticulum before the complex migrates to the cell 

surface (Visintin et al., 2001). In vitro studies have shown that MD-2 plays a crucial role in the 

surface distribution of TLR4 and the translocation of TLR4 from the Golgi apparatus to the 

cell surface (Nagai et al., 2002). The presence of MD-2 is required for the specific glycosylation 

which is essential for the cell surface expression of TLR4 (Ohnishi et al., 2003).  

In cells which express TLR4 but not MD-2, the soluble form of MD-2 has the ability to bind 

to the TLR4 on the surface and confer LPS responsiveness (Abreu et al., 2001, Visintin et al., 

2001, Kennedy et al., 2004). Intestinal epithelial cells (IEC) do not elicit an immune response 

to commensal bacteria found in lumen (Abreu et al., 2001). Studies using IEC cell lines have 

shown that these cells prevent LPS signalling by down-regulating the expression of both TLR4 

and MD-2 (Abreu et al., 2001). Transfection of IEC cell lines with MD-2 but not TLR4, 

increases LPS responsiveness by more than 100-fold (Lenoir et al., 2008).  

Interestingly, although MD-2 is primarily involved in TLR4 signalling, it has been shown that 

MD-2 weakly associates with TLR2 and enhances the responsiveness of TLR2 to gram-

negative and gram-positive bacteria and their LPS and LTA cell wall components (Dziarski et 

al., 2001). This further demonstrates the multiple roles or the extent of the importance of MD-

2 in the response to different microbial products.  

An alternatively spliced MD-2 isoform (lacking exon 2) termed MD-2 short (MD-2s) which, 

like MD-2 is glycosylated and secreted, has been identified (Gray et al., 2010). MD-2s does 

not result in the production of pro-inflammatory cytokines and acts as an inhibitor of LPS-

mediated TLR4 activation (Gray et al., 2010). Another alternatively spliced MD-2 isoform 

lacking the first 54 bases of exon 3, termed MD-2B, has also been described (Ohta et al., 2004). 

Although, MD-2B efficiently binds to TLR4, the TLR4/MD-2B complexes are not expressed 

on the cell surface thereby reducing LPS responsiveness (Ohta et al., 2004).  
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1.5.3.1 LY96 gene 

The LY96 gene encoding for MD-2 is located in long arm of chromosome 8 (8q21.11). It is 

comprised of five exons and is approximately 38 kb in length.   

1.5.3.2 LY96 genetic variation  

Although the LY96 gene is highly variable, little is known about the functional significance of 

the variants in this gene. Given that MD-2 has an indispensable role in LPS signalling, genetic 

variants in the LY96 gene have the potential to result in hypo- or hyper-responsiveness to LPS.  

Of the few characterised variants in the LY96 gene, a C to G change (rs11465996) at position 

-1625 of the MD-2 gene promotor region has been shown to alter the promotor activity (Gu et 

al., 2007). Upon LPS stimulation in whole blood, individuals with the mutant allele of the 

−1625C>G SNP (G allele) were found to have increased expression of LY96 mRNA and TNF-

α (Gu et al., 2007). In addition, heterozygosity for the −1625C>G SNP has been associated 

with reduced risk of ulcerative colitis (Bank et al., 2014).  

 A rare +103A>G SNP (CM042737) in the first exon of LY96, which results in a threonine to 

alanine substitution, was found to result in reduced NF-kβ-activation and TNF-α production 

upon LPS stimulation (Hamann et al., 2004). A study investigating the functional effects of 

two missense LY96 variants namely, Arg56Ter and Pro157Ser (rs6472812 and rs11466004, 

respectively) found that the rs6472812 but not the rs11466004 mutation resulted in reduced 

LPS responsiveness due to reduced transfer of LPS from CD14 to the mutant MD-2 (Vasl et 

al., 2008). 

In a Taiwanese population study, two SNPs in the promoter region of LY96 namely, rs1809441 

and rs1809442 were found be associated with Dermatophagoides pteronyssinus group 2 (Der 

p 2) allergy (Liao et al., 2015a). Der p 2 is a dust mite allergen which has structural homology 

to MD-2. Presence of the rs1809441 or rs1809442 SNPs in the promoter region is associated 

with increased MD-2 expression. Additionally, stimulation with Der p 2 and LPS resulted in 

higher levels of TNF-α, IL-1β, IL-6, IL-8, and IL-10 expression (Liao et al., 2015b).  

Given that variants in the CD14 and TLR4 genes have been associated with Tuberculosis (TB) 

(Ferwerda et al., 2007, Rosas-Taraco et al., 2007), a Chinese study investigated the role of six 

LY96 promoter variants (rs11465996, rs1809442, rs1809441, rs1809440, rs16938754, and 

rs7842342) with susceptibility to TB, however no significant associations were found (Xue et 

al., 2010).  
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 Toll-like receptor 4 (TLR4) 

Toll-like receptor 4 (TLR4) is a type 1 transmembrane protein consisting of an extracellular 

domain with leucine rich repeats, a transmembrane domain and a cytoplasmic domain with 

high homology to the interleukin-1 receptor (Kang and Lee, 2011). TLR4 is mainly expressed 

by cells of myeloid origin, such as monocytes, macrophages and a subset of dendritic cells 

(Muzio et al., 2000).  

 

Binding of LPS to TLR4 bound MD-2, forming a TLR4-LPS-MD-2 complex, induces 

dimerization of the complex. The dimerization results in the formation of an m–shaped receptor 

multimer consisting of two copies of symmetrically arranged TLR4-LPS-MD-2 complexes 

(Park et al., 2009). The TLR4 conformational changes enable the recruitment of Toll-

Interleukin receptor (TIR) domain-containing adapter molecules. There are four types of TIR 

domain-containing adapter molecules involved in TLR4 signalling, namely: (i) Myeloid 

differentiation factor 88 (MyD88), (ii) TIR domain-containing adaptor protein (TIRAP) also 

known as Mal, MyD88-adapter-like, (iii) TIR-domain containing adapter inducing IFN-β 

(TRIF), and (iv) TRIF-related adaptor molecule (TRAM) (Maeshima and Fernandez, 2013, 

Vaure and Liu, 2014). An overview of the TLR4 signalling is shown in Figure 1.3.  

 

TLR4 initiates intracellular signalling though the MyD88-dependent and TRIF-dependent 

(MyD88-independent) pathways (Vaure and Liu, 2014). The My88-dependent pathway 

involves the recruitment of TIRAP and My88 adapter molecules post the TLR4-MD-2 receptor 

dimerization (Kagan and Medzhitov, 2006). This results in the early activation of the NF-κβ 

transcription factor and the production of pro-inflammatory cytokines such as IL-6, TNFα and 

IL-12 (Maeshima and Fernandez, 2013).  

 

The TRIF-dependent pathway involves the recruitment of TRAM and TRIF adapter molecules 

(Maeshima and Fernandez, 2013). The recruitment of these adapter molecules occurs after the 

TLR4-MD-2 receptor complex dimer internalisation into endosomes (Vaure and Liu, 2014). 

This pathway activates the interferon regulatory factor-3 (IRF3) transcription factor and results 

in upregulation of type 1 INFs and the production and secretion of TNF-α, which subsequently 

leads to the late activation of the NF-κβ. The majority of the LPS response is through the TRIF-

dependent pathways (Vaure and Liu, 2014). Another TIR-domain-containing adapter molecule 

known as SARM (sterile α and HEAT-Armadillo motifs-containing protein) inhibits the 

activation of NF-κβ mediated by the TRIF-dependent pathway (Carty et al., 2006). The LPS 
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mediated TLR4 activation induces the expression of the SARM encoding gene (Carty et al., 

2006).  

 

1.5.4.1 TLR4 gene 

The TLR4 gene is located on the long arm of chromosome 9 (99q32-q33) (Rock et al., 1998). 

It is comprised of three exons and is approximately 19 kb in length.  

1.5.4.2 TLR4 genetic variants  

Two TLR4 polymorphisms, namely Asp299Gly (rs4986790) and Thr399Ile (rs4986791), have 

been extensively studied. These polymorphisms are co-segregating in Caucasians (Arbour et 

al., 2000), but not in West African populations (Newport et al., 2004), illustrating the 

importance of population specific studies. These variants result in amino acid changes which 

are located within the leucine rich repeats in the TLR4 extracellular domain (Rallabhandi et 

al., 2006). The Asp299Gly and Thr399Ile TLR4 variants have been shown to result in hypo-

responsiveness to inhaled LPS in humans (Arbour et al., 2000). In vitro, it has been shown that 

the Asp299Gly and Thr399Ile mutant TLR4 results in reduced NF-κβ reporter gene expression 

in response to LPS stimulation (Rallabhandi et al., 2006). Ohto et al. (2012) reported that the 

Asp299Gly mutation, rather than the Thr399Ile, resulted in local structural changes which 

might affect the binding sites. Additionally, in vitro studies have shown that it is the Asp299Gly 

mutation, rather than the Thr399Ile mutation, which is responsible for the reduced LPS 

signalling (Arbour et al., 2000, Long et al., 2014). The Asp299Gly and Thr399Ile variants have 

been associated with increased susceptibility to gram-negative bacterial infections (Agnese et 

al., 2002, Lorenz et al., 2002). 

 

In addition, the Asp299Gly and Thr399Ile variants have been associated with susceptibility 

towards or disease severity of a range of infectious and non-infectious diseases (Noreen et al., 

2012). With respect to HIV-1 infection, the Asp299Gly and Thr399Ile SNPs have been found 

in higher frequencies in individuals with high viral loads compared to those with low viral 

loads (Pine et al., 2009). Heterozygosity for these SNPs, however, has been associated with 

late CD4+ T-cell recovery after ART (Yong et al., 2016).  

 

Another SNP in the 3’UTR of the TLR4 gene, namely rs11536889, plays a role in the 

upregulation of TLR4 expression (Sato et al., 2012). The homozygous mutant genotype for this 

SNP correlated with significantly higher expression levels of TLR4 on the surface of 

monocytes (Sato et al., 2012). Peripheral blood mononuclear cells (PBMCs) from individuals 
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with heterozygous or homozygous genotypes for the rs11536889 SNP were shown to produce 

higher levels of IL-8 in response to LPS stimulation (Sato et al., 2012). This variant has also 

been associated with various diseases including prostate cancer (Zheng et al., 2004), gastric 

atrophy (Hishida et al., 2009), recurrence of hepatitis B after liver transplant (Zhou et al., 2011), 

and intracranial aneurysm (Liu et al., 2018). A -2242T>C TLR4 SNP in the promoter region of 

the TLR4 gene was also found to enhance the activity of the TLR4 promotor (Yongtang et al., 

2009). Furthermore, a seven SNP haplotype, and two polymorphisms, rs10759932 (in 

Caucasians) and rs7873784 (in African Americans) in the TLR4 gene, were found to be more 

frequent in people living with HIV-1 compared to HIV-1 uninfected individuals (Willie et al., 

2014). This suggests a role for TLR4 in the context of susceptibility to acquisition of HIV-1 

infection (Willie et al., 2014). 

 

1.6   HIV and microbial translocation 

 Markers of microbial translocation 

Direct or indirect markers can be used to measure microbial translocation in the circulatory 

system.  Direct markers include plasma or serum levels of LPS and bacterial 16S ribosomal 

RNA (16S rRNA) gene copy numbers (Marchetti et al., 2013). As these markers are not 

normally present in the circulatory system, their presence indicates that microbial translocation 

has taken place. Indirect markers of microbial translocation include the measurement of 

sCD14, EndoCAb, and LBP levels in plasma or serum (Marchetti et al., 2013). Soluble CD14 

is a marker of immune activation and elevated levels indicate monocyte activation in response 

to LPS and other ligands (Landmann et al., 1996, Shive et al., 2015). Low levels of EndoCAb 

are indicative of LPS mediated chronic immune stimulation (Brenchley et al., 2006), while 

LBP levels are elevated in the presence of LPS.  

 Evidence of microbial translocation in HIV-1 infection  

Brenchley et al. (2006) were the first to demonstrate an association between microbial 

translocation and persistent immune activation in people living with HIV-1. They found plasma 

levels of LPS to be significantly higher in people living with chronic HIV-1 infection as well 

as in SIV-infected rhesus macaques. It was subsequently shown that the gastrointestinal tract 

was the source of the translocated LPS in SIV-infected rhesus macaques. Furthermore, 

compared to SIV-infected rhesus macaques, which progress to AIDS, no evidence of microbial 

translocation was found in SIV-infected sooty mangabeys, which are non-human primates that 

do not develop AIDS despite high levels of viral replication (Brenchley et al., 2006). 
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Several subsequent studies have also investigated the role of microbial translocation in HIV-1 

infection, immune activation and disease progression in different populations. Elevated plasma 

levels of sCD14, reduced EndoCAb, high LBP levels, high LPS levels and high levels of 

bacterial 16S rRNA gene copies were found to be associated with chronic HIV-1 infection, 

circulating CD8+ CD38+ HLA-DR+ T cells, high viral load, low CD4+ T cell count and disease 

progression (Lien et al., 1998, Jiang et al., 2009, Nowroozalizadeh et al., 2010, Marchetti et 

al., 2011, Reus et al., 2013, Pilakka-Kanthikeel et al., 2014). Another study found that sCD14 

but not LPS levels associate with markers of disease progression (Romero-Sanchez et al., 

2012).  

High levels of sCD14 have been shown to correlate with high levels of LPS and LBP and low 

levels of EndoCAb (Ancuta et al., 2008). However, the correlation between sCD14 and LPS 

has been shown to be dependent on CD4+ T cell levels in individuals with chronic HIV-1 

infection (Romero-Sanchez et al., 2012). A weaker association between LPS and sCD14 in 

black individuals has been observed, suggesting that other factors (biological and 

environmental) affect sCD14 expression levels, further demonstrating that sCD14 is not a 

direct marker of microbial translocation but is a marker of immune activation (De Voeght et 

al., 2016). Plasma levels of sCD14 have been found to be independent predictors of mortality 

and disease progression in HIV-1-infected individuals (Marchetti et al., 2011, Sandler et al., 

2011, Leon et al., 2015).  

In black African children and adults living with HIV-1, microbial translocation studies have 

yielded conflicting results. In Uganda, no associations were found between microbial 

translocation and HIV-1 disease progression in adults (Redd et al., 2009) and immune 

activation in children (Fitzgerald et al., 2018). However, associations between microbial 

translocation and HIV-1 infection in adults and children were reported in South Africa and 

Guinea-Bissau (Cassol et al., 2010, Nowroozalizadeh et al., 2010, Papasavvas et al., 2011). 

The inconsistencies between the microbial translocation studies may be attributed to the poor 

reproducibility of the LPS Limulus lysate assay and background contamination in 16S rRNA 

quantitative assays (Marchetti et al., 2013). 

 Microbial translocation in ART treated people living with HIV-1 

Several studies found that although ART decreases microbial translocation, the extent of 

microbial translocation remains higher in people living with HIV-1 on ART compared to 

healthy controls (Brenchley et al., 2006, Cassol et al., 2010). Microbial translocation associates 
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with poor CD4+ T cell reconstitution in people living with HIV-1 on ART (Marchetti et al., 

2008, Jiang et al., 2009).  

Other studies, however, found that while partially suppressed (VL=2.5–50 RNA copies/ml) 

individuals had plasma LPS levels higher than HIV-1 uninfected individuals, fully suppressed 

individuals (VL<2.5 RNA copies/ml) had LPS levels comparable to those of healthy controls, 

suggesting that to some extent successful ART can normalise microbial translocation 

(Baroncelli et al., 2009), but this remains debatable and is likely to be partially dependent on 

the individual.  

 Microbial translocation in HIV-1 controllers  

Elite controllers have higher levels of microbial translocation (measured by LPS, sCD14 and 

LBP) than HIV-1 uninfected individuals, but lower levels than HIV-1 progressors (Brenchley 

et al., 2006). High levels of LPS in elite controllers were found not to result in reduced 

EndoCAb levels, suggesting that elite controllers are able to neutralise LPS more effectively 

by maintaining high levels of EndoCAb (Brenchley et al., 2006). Elevated plasma levels of 

LPS have also been associated with high levels of CD8+ T activation and CD4+ T cell depletion 

in HIV-1 controllers (Hunt et al., 2008). Markers of microbial translocation (sCD14 and 

EndoCAb) have been shown to independently predict clinical outcomes such as progression to 

AIDS and development of serious non-AIDS events in HIV-1 controllers (Leon et al., 2015).  

A study conducted in Uganda did not find differences in LPS, LBP and EndoCAb levels 

between individuals with different HIV-1 phenotypes (LTNPs, standard progressors and rapid 

progressors) (Redd et al., 2009). This was confirmed by a study in India, which found that 

plasma levels of sCD14, LPS and IgM antibodies did not differ significantly when rapid 

progressors (CD4+ T cells reaching <350 cells/µl within 3-4 years of infection) were compared 

to viraemic slow progressors (CD4+ T cells > 500 cells/µl for >7 years with VL >10 000 RNA 

copies/ml) and slow progressors (CD4+ T cells > 500 cells/µl for >10 years with VL <10 000 

RNA copies/ml) (Negi et al., 2017). In addition, Kim et al. (2014) did not find differences in 

markers of microbial translocation (LPS and sCD14) between elite controllers and healthy 

HIV-1 uninfected individuals. The inconsistencies in the role of microbial translocation in 

HIV-1 controllers might be due to the differences in the definitions of the HIV-1 controller 

subgroups, the methods they used or population differences, however they necessitate further 

research into the extent of microbial translocation in HIV-1 controllers. 
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Th17 cells are preserved in elite controllers compared to individuals with advanced HIV-1 

infection (Hartigan-O'Connor et al., 2011), which might partially account for the reduced levels 

of microbial translocation in this group. A higher frequency of Th17 cells has also been 

observed in elite controllers compared to healthy HIV-1 uninfected individuals (Kim et al., 

2014). Th17 cells are also preserved in the blood and gastrointestinal tract of SIV infected sooty 

mangabeys (Brenchley et al., 2008). As previously mentioned, Th17 cells play a crucial role in 

the maintenance of the integrity of intestinal epithelial barrier (Brenchley and Douek, 2012).  

 Intestinal damage in HIV-1 infection   

Since the impairment of the gut barrier is a cause of microbial translocation, studies have also 

looked at the association between markers of intestinal damage and microbial translocation, 

immune activation and HIV-1 infection. Plasma levels of intestinal fatty acid binding protein 

(I-FABP) are commonly used as a marker of intestinal (enterocyte) damage (Adriaanse et al., 

2013). I-FABP is constitutively expressed by enterocytes, and is released into the circulatory 

system upon intestinal cell death (Al-Saffar et al., 2017). 

In untreated people with HIV-1, I-FABP levels have been shown to increase over time (El 

Kamari et al., 2019). The epithelial gut damage is initiated early on during the HIV-1 infection 

and the I-FABP levels are not normalised by ART (Jenabian et al., 2015, Sereti et al., 2017). I-

FABP levels were found to be significantly higher in HIV-1 progressors compared to elite 

controllers and healthy HIV-1 uninfected individuals (Cheru et al., 2018), and remained higher 

in ART treated individuals with undetectable viral loads compared to elite controllers and HIV-

uninfected individuals (Cheru et al., 2018). In contrast, other studies found that I-FABP levels 

were not significantly different between ART suppressed people living with HIV-1 and HIV-

1 uninfected controls (Younas et al., 2019) and between elite controllers and HIV-1 uninfected 

controls (Isnard et al., 2020). While some studies found that I-FABP levels correlated with 

markers of microbial translocation (LPS) and immune activation (sCD14) (Hunt et al., 2014, 

Cheru et al., 2018), other studies did not see the correlations (Romero-Sanchez et al., 2012, 

Isnard et al., 2020). I-FABP plasma levels have also been reported to be predictors of mortality 

in ART treated PLWH (Hunt et al., 2014). 

Regenerating islet-derived 3 α (REG3α) is also a marker of gut damage. REG3α is selectively 

secreted by Paneth cells in the small intestine in the presence of bacteria, and it is translocated 

into the circulatory system if the integrity of the gut barrier is compromised (Marafini et al., 

2014). Levels of REG3α were found to be elevated in untreated and ART treated individuals 
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with HIV-1, and elite controllers compared to HIV-1 uninfected individuals (Isnard et al., 

2020). Unlike I-FABP levels, REG3α levels were found to correlate with markers of disease 

progression, viral load and CD4+ T cell count (Isnard et al., 2020). Furthermore, REG3α 

correlated with epithelial gut damage (I-FABP), microbial translocation (LPS) and immune 

activation (sCD14) in individuals with HIV-1 (Isnard et al., 2020).    

1.7  Study rationale 

Several genetic variants in the genes (LBP, CD14, TLR4, and LY96 genes) encoding receptors 

and accessory molecules required for the LPS recognition and signalling through the TLR4 

receptor have been shown to affect their respective protein expression levels and responses to 

endotoxins. In addition, these variants have been associated with susceptibility to and severity 

of various immune-related diseases, thereby further emphasising the key role of these four 

proteins in immune responses.  Little however is known about genetic variation in these genes 

in African populations. Most of the genetic characterisation and disease association studies on 

variants within the LBP, CD14, TLR4 and LY96 genes have been conducted in European, 

American, or Asian populations. Given that African populations are genetically more diverse 

and show lower levels of linkage disequilibrium (LD) than non-African populations, different 

variants may be impacting gene regulation and/or protein function in populations of African 

descent. Regulatory or functional variants in these genes play an important role in the 

regulation of the TLR4 signalling pathway; they can result in the down- or up-regulation of the 

TLR4 mediated immune response to LPS. Therefore, understanding of the baseline expression 

levels of the TLR4 signalling molecules in different populations is essential, and 

characterisation of genetic variants in the genes encoding for these molecules in the South 

African black population can help identify population-specific variants, which potentially 

affect immune responses to LPS. 

Furthermore, individuals able to control HIV-1 infection in the absence of antiretroviral 

treatment (HIV-1 controllers), particularly elite controllers, represent an important study model 

for informing HIV-1 vaccines, targets for HIV-1 therapies, and strategies to achieve an HIV-1 

functional cure (Deeks et al., 2021). Other clinical phenotypes (viraemic controllers, high VL 

LTNPs, progressors) as well as HIV-uninfected individuals provide important comparator 

groups to better understand the extent of immune activation, fuelled in part by microbial 

translocation. The extent of microbial translocation in elite controllers is still not clearly 

understood, and no microbial translocation studies have been carried out in South African black 

elite controllers, illustrating the need for studies of this nature. Lastly, to the best of our 
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knowledge, association studies investigating the representation of LBP, CD14, TLR4 and LY96 

gene variants in HIV-1 controllers have not been undertaken.  

1.8  Aims and objectives of the study 

 Aims of the study  

The overall aims of this study were to characterise constitutive expression levels of the LPS 

recognition and signalling receptors and accessory molecules in two ethnically distinct healthy 

South African populations (black and white population groups), to provide a detailed 

description of the genetic variation and LD patterns in the genes (the LBP-CD14-TLR4-LY96 

complex) encoding for these molecules in the black South African population, and to assess 

the representation of the genetic variants in HIV-1 controllers. We also aimed to investigate 

the state of microbial translocation in people living with HIV-1 with different clinical 

phenotypes (HIV-1 controllers and progressors). 

1.9 Specific objectives 

i. To measure constitutive cell surface expression levels of CD14 and TLR4, and LPS- 

and LTA-modulated TLR4 expression, on whole blood monocytes and neutrophils, and 

constitutive plasma levels of sCD14, LBP and MD-2 – to explore the influence of 

ethnicity, sex and age in healthy HIV-uninfected black and white South Africans.  

ii. To describe genetic variation in the coding and non-coding regions of the LBP, CD14, 

TLR4 and LY96 genes using whole genome sequencing (WGS) data from healthy black 

South Africans, and to compare to select populations from the 1000 Genomes Project.  

iii. To compare the representation of the LBP, CD14, TLR4 and LY96 genetic variants, 

determined from WGS data from black South African HIV-1 controllers (elite 

controllers, high viral load long-term non-progressors, and viraemic controllers), to that 

of the HIV-uninfected black South African controls (described above under objective 

ii). 

iv. To measure and compare plasma levels of LBP, sCD14, MD-2, and REG3α between 

different groups of HIV-1 controllers (elite controllers, high viral load long-term non-

progressors), progressors and healthy HIV-uninfected controls.  
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CHAPTER 2                                                                         

Expression levels of LPS recognition and signalling molecules, 

LBP, CD14, TLR4, and MD-2 in two ethnically divergent South 

African populations 
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2.1 Introduction  

Lipopolysaccharide (LPS), a component of gram-negative bacterial cell walls, elicits innate 

immune responses through the activation of the TLR4 receptor (Ulevitch and Tobias, 1995, El-

Zayat et al., 2019). The activation of the TLR4 receptor is complex, and involves the use of 

LPS-binding protein (LBP), cluster of differentiation 14 (CD14), and Lymphocyte antigen 96 

(LY96) also known as Myeloid differentiation factor 2 (MD-2) (Raetz and Whitfield, 2002, Lu 

et al., 2008). 

TLR4 is a type 1 transmembrane protein mainly expressed by cells of myeloid origin, such as 

monocytes, macrophages, and a subset of dendritic cells (Muzio et al., 2000). 

Lipopolysaccharide recognition and signalling is initiated by the binding of LBP to the lipid A 

moiety of the LPS (Tobias et al., 1989, Wright et al., 1990). LPS-binding protein is a 60 kDa 

glycosylated soluble acute phase protein constitutively produced by the hepatic cells of the 

liver (Schumann et al., 1990, Grube et al., 1994). It catalytically transfers the LPS to CD14, a 

55 kDa glycoprotein which exists in two forms, a glycosylphosphatidylinositol-anchored 

protein (mCD14), and a soluble form (sCD14) derived from cleavage of the mCD14 or direct 

secretion from the liver (Ulevitch and Tobias, 1995, Su et al., 1999). The membrane-bound 

CD14 is a surface expressed molecule on monocytes, macrophages, and neutrophils (Su et al., 

1999). In non-mCD14 expressing cells, LBP transfers the LPS to sCD14 (Frey et al., 1992). 

CD14 subsequently transfers LPS to the hydrophobic pocket within the MD-2 protein, which 

is bound to the extracellular domain of TLR4 (Shimazu et al., 1999, Park et al., 2009). MD-2 

is a 20–30 kDa acute phase glycoprotein that is either directly secreted as a soluble active 

protein by primary cells or binds to the TLR4 in the endoplasmic reticulum and facilitates the 

specific glycosylation and trafficking of TLR4 to the cell surface (Visintin et al., 2001, Nagai 

et al., 2002). The binding of LPS to MD-2 in the TLR4-MD-2 complex, results in TLR4 

conformational changes that initiate downstream signal transduction resulting in the production 

of pro-inflammatory cytokines, which activate innate immune responses (Park et al., 2009). 

A large number of studies have shown that the expression levels of CD14, LBP, TLR4, and 

MD-2 associate with the risk and severity of various inflammatory, autoimmune, and infectious 

diseases and cancers, including asthma, cardiovascular diseases, diabetes, inflammatory bowel 

syndrome and HIV-1 infection (Nockher et al., 1994, Opal et al., 1999, Sandanger et al., 2009, 

González-Reyes et al., 2010, Sandler et al., 2011, Liao et al., 2015a, El-Zayat et al., 2019). It 

is interesting that some of these diseases exhibit population and sex differences (Fairweather 

and Rose, 2004, Campbell and Tishkoff, 2008, Molodecky et al., 2012, Özdemir and Dotto, 
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2017, Hertz and Schneider, 2019). Additionally, plasma levels of sCD14 and LBP are often 

used as indirect markers of microbial translocation, which is defined as the passage of microbes 

or microbial products such as LPS from the gastrointestinal tract into the circulation system 

(Marchetti et al., 2013). Microbial translocation has been identified as one of the major causes 

of persistent inflammation and immune activation in people living with HIV-1 (Brenchley et 

al., 2006) and has also been implicated in obesity, diabetes, inflammatory bowel diseases 

(IBD), hepatitis B and C virus infection, fatty liver disease, pancreatitis, and cardiovascular 

diseases (Creely et al., 2007, Pussinen et al., 2011, Brenchley and Douek, 2012).  

Given the importance of the expression levels of these LPS recognition and signalling 

molecules in the risk and severity of various immune related diseases, a better understanding 

of the baseline expression levels of these molecules taking ethnicity, sex and age into account 

is essential. Therefore, this study quantified constitutive expression of cell surface TLR4 and 

CD14 (mCD14) and plasma levels of soluble CD14, LBP, and MD-2 - in two ethnically 

divergent South African populations (healthy HIV-1 uninfected black and white individuals), 

and investigated the influence of sex and age on the expression levels. CD14 also serves as a 

coreceptor for lipoteichoic acid (LTA) found in gram-positive organisms, however signalling 

occurs through TLR2 and not TLR4 (Schroder et al., 2003). As TLR4 in the main signalling 

molecule within the axis under study that leads to LPS-induced responsiveness, a whole blood 

model was utilized to establish the effect of two stimuli (LPS and LTA) on TLR4 expression 

levels on monocytes and neutrophils.  

 

2.2 Methods 

 Study participants  

Age- and sex-matched HIV-1 uninfected black (n=17) and white (n=21) South African 

volunteers were recruited from the National Institute for Communicable Diseases, 

Johannesburg. The median age of the black and white individuals was 32 (range: 26 - 64 years) 

and 35 (range: 25 - 59 years), respectively. Black South Africans were comprised of 52.9% 

females (n=9) and white South Africans were comprised of 52.4% females (n=11). Two white 

males were excluded from the flow cytometry analysis, as a result of technical issues with 

sample acquisition.  
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Written informed consent was obtained from all the participants. Ethical clearance was 

obtained from the Human Research Ethics Committee at the University of the Witwatersrand, 

Johannesburg (Certificate number: M190995; Appendix 2).  

 Quantification of whole blood CD14 and TLR4 expression levels using flow 

cytometry  

Within one hour of collection, sodium heparin-anticoagulated whole blood from participants 

was (i) stained immediately with fluorochrome-conjugated antibodies for immunophenotyping 

by flow cytometry - in order to determine constitutive surface expression levels of CD14 and 

TLR4 on monocytes and neutrophils, and (ii) TLR4 expression on monocytes and neutrophils 

was quantitated but following a period of LPS and LTA stimulation. For each individual, 1 ml 

of whole blood was incubated with 1 µg/ml of LPS from Escherichia coli (strain O111:B4; 

Sigma-Aldrich, Saint Louis, Missouri, USA) or 20 µg/ml of LTA from Staphylococcus aureus 

(Sigma-Aldrich, Saint Louis, Missouri, USA). A control tube with no stimulant (unstimulated) 

was also included. The blood was incubated for 4 hours at 37°C with 5% C02. After incubation, 

100 µl of whole blood from each tube was immediately stained for the flow cytometric analysis 

of TLR4 expression. 

All fluorochrome-conjugated antibodies were obtained from BD Biosciences (San Jose, 

California, USA). The CD14 flow cytometry panel consisted of two antibodies, CD16 BV510 

(3G8) to identify neutrophils and CD14 PE (MφP6) to identify monocytes and for 

quantification of the number of CD14 molecules bound per cell. The TLR4 panel consisted of 

three antibodies, CD14 FITC (M5E2) to identify monocytes, CD16 BV510 (MφP6) to identify 

neutrophils, and TLR4 PE (TF901) for quantification of the number of TLR4 molecules bound 

per cell.  

Briefly, 100 µl of whole blood from each individual was incubated with the appropriate 

antibodies for each panel at room temperature for 15 minutes in the dark. Red blood cells were 

lysed for 10 minutes in the dark at room temperature using 2 ml of FACS lysing solution (BD 

Biosciences, San Jose, California, USA). Samples were centrifuged at 2000 rpm for 5 minutes 

at room temperature and the supernatant was discarded. Samples were then washed with 3 ml 

of FACSFlow™ (BD Biosciences, San Jose, California, USA), and centrifuged at 2000 rpm 

for 5 minutes at room temperature. The supernatant was discarded, and the cells were 

resuspended in 250 µl of FACSFlow™ for acquisition on the flow cytometer. BDTM Comp 

Beads anti-Mouse Ig, κ and BDTM Comp Beads negative control (BD Biosciences, San Jose, 
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California, USA) were stained with each monoclonal antibody for 15 minutes in the dark at 

room temperature, washed twice with 2 ml FACSFlow™, and resuspended in 250 µl 

FACSFlow™ for acquisition on the flow cytometer.  

Flow cytometry was performed using the four-laser BD LSRFortessa™ flow cytometer (BD 

Biosciences, San Jose, California, USA). Instrument setup was performed daily before 

acquisition. BDTM CS&T Beads (BD Biosciences, San Jose, California, USA) were run on the 

instrument for quality control, to characterize, track and report performance measurements of 

the instrument. Rainbow Calibration Particles (BD Biosciences, San Jose, California, USA) 

were then used for standardization. On each run, Rainbow Calibration Particles were used to 

set voltages to ensure that results were reproducible and to account for variation on the 

instrument. Compensation controls tubes were acquired after setting up voltages, then 

compensation was calculated and applied before the sample tubes were acquired.   

A minimum of 9000 monocytes were acquired for each sample and data was analysed using 

FlowJo version 9.8.1 (Tree Star, San Carlos, California, USA). The gating strategy is shown in 

Figure 2.1. Results were reported as geometric mean (GM) for both CD14 and TLR4 

expression. 

Quantification of CD14 and TLR4 molecules bound per cell on monocytes and neutrophils was 

carried out using the commercially available Quantibrite™ system (BD Biosciences, San Jose, 

California, USA). The Quantibrite™ system consists of a set of four pre-calibrated beads, 

which are used to generate a standard curve that is used for the calculation of antibodies bound 

per cell (ABC). The use of the Quantibrite™ system, together with PE-conjugated monoclonal 

antibodies specific to CD14 or TLR4, allowed for the geometric mean (GM) to be converted 

into the number of CD14 or TLR4 molecules per cell (CD14 or TLR4 density). 
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 Quantification of sCD14, LBP, and MD-2 plasma levels  

Commercially available quantitative enzyme-linked immunosorbent assay (ELISA) kits were 

used to measure EDTA-anticoagulated plasma levels of sCD14 (R&D Systems, Minneapolis, 

Minnesota, USA), LBP (Hycult Biotech, Uden, the Netherlands), and MD-2 (Sigma-Aldrich, 

Saint Louis, Missouri, USA) as per the manufacturer’s instructions. The limits of detection for 

the LBP, sCD14, and MD-2 ELISA kits were 4.4 ng/ml, 250 pg/ml, and 1.6 ng/ml, respectively.  

Samples were assayed in duplicate and results averaged. The Versamax microplate reader 

(Molecular Devices, San Jose, California, USA) was used to measure optical density (OD) at 

an absorbance of 450 nm and 540 nm, and the Softmax Pro 6.5 software (Molecular Devices, 

San Jose, California, USA) was used for analysis.  
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Figure 2.1: Gating strategy for identifying monocytes and neutrophils in whole blood. Doublets were 

excluded from the analysis by gating on singlets (FSC-H vs FSC-A). Monocytes for both panels were 

gated on CD14+ cells and SSC-A. Monocytes subsets were gated on CD14+ and CD16+ and CD16- 

cells. Neutrophils were gated on CD16+ cells and SSC-A from singlets.   
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 Statistical analysis 

GraphPad Prism version 8.01 for Windows (GraphPad Software, La Jolla, California, USA) 

and Statistica™ software (TIBCO Software, Palo Alto, California, USA) were used for 

statistical analyses. All statistical tests were 2-tailed, with p values <0.05 considered 

statistically significant. The Mann-Whitney non-parametric U test was used to compare the 

expression levels of TLR4, CD14, LBP, and MD-2 between groups (i.e black and white South 

Africans and between males and females). Comparisons of expression levels between cell 

subsets and the TLR4 expression levels between unstimulated, LPS-stimulated, and LTA-

stimulated whole blood monocytes and neutrophils were performed using the Wilcoxon 

signed-rank test. The spearman correlation coefficient was used to assess the correlation 

between age and expression levels of TLR4, CD14, LBP, and MD-2, as well as correlations 

between the expression levels of TLR4, CD14, LBP, and MD-2.  

 

2.3 Results 

 CD14 and TLR4 expression on monocytes and neutrophils  

Expression levels of CD14 and TLR4 on monocytes and neutrophils were measured as 

molecules bound per cell (density) in healthy individuals. Monocytes (CD14+) were divided 

into two subsets namely, classical (CD14+CD16-) and intermediate (CD14+CD16+) monocytes.  

CD14 expression on classical (CD14+CD16-) monocytes was significantly higher than the 

expression on the intermediate (CD14+CD16+) monocytes (p=0.044, Figure 2.2A) in black 

South Africans. In white South Africans, although the same relationship was present, it did not 

reach significance (p=0.066, Figure 2.2A). The CD14 expression on classical (CD14+CD16-) 

monocytes was also significantly higher than the expression on the intermediate 

(CD14+CD16+) monocytes (p=0.007, data not shown) when the black and white South African 

populations were combined (total group). As expected CD14 expression was significantly 

lower on neutrophils (approximately 100-fold lower) when compared to total monocytes, and 

the monocyte subsets for both populations and the total group (p<0.0001, for all comparisons). 

CD14 expression on total monocytes, the monocyte subsets, and neutrophils did not differ 

significantly between black and white South Africans (Figure 2.2A).  

TLR4 expression on classical (CD14+CD16-) monocytes was significantly lower than the 

expression on the intermediate (CD14+CD16+) monocytes for both the black and white South 

Africans (Figure 2.2B) and the total group (p<0.0001, for all comparisons). Unlike the stark 
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cell type-specific differences in membrane CD14 expression, the range of the TLR4 expression 

levels (density) was similar on neutrophils and monocytes. However, TLR4 expression on total 

monocytes was significantly higher compared to neutrophils in the black South Africans 

(p=0.040), with a trend observed in the white South Africans (p=0.066); the populations 

combined strengthened this observation (p=0.004). When TLR4 expression levels on 

CD14+CD16- monocyte subsets were compared to that of neutrophils, both the black (p=0.078) 

and white (p=0.096) individuals had trends of higher TLR4 expression on CD14+CD16- 

monocytes compared to neutrophils; when population groups were combined, the difference 

was significant (p=0.013). Significantly higher TLR4 expression on both CD14+CD16+ subsets 

of monocytes were also observed in both the black and white South Africans (p=0.003 and 

p<0.0001, respectively). TLR4 expression levels on total monocytes, both monocyte subsets, 

and neutrophils were not significantly different between black South Africans and white South 

Africans (Figure 2.2B).  

 Plasma levels of LBP, sCD14, and MD-2 

Black South Africans had significantly higher plasma levels of LBP (p<0.0001, Figure 2.3A) 

and a trend to lower levels of sCD14 (p=0.095, Figure 2.3B) compared to white South 

Africans. Just over half (n=21, 55.3 %) of healthy South Africans had detectable levels of MD-

2, with the number of individuals with undetectable levels not significantly different between 

the two population groups. One white individual with plasma MD-2 of 1 352 ng/ml (range 0-

209 ng/ml) was considered an outlier and excluded from further analysis. No significant 

differences were seen when plasma levels of MD-2 were compared between black and white 

South Africans (Figure 2.3C), even when individuals with undetectable levels were excluded 

from analysis (data not shown).  
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Figure 2.2: Comparisons of CD14 and TLR4 density on monocytes and neutrophils from HIV-

uninfected black (n=17) and white (n=19) South Africans. (A) CD14 expression on monocytes and 

neutrophils, and (B) TLR4 expression on monocytes and neutrophils. Each dot represents a single 

individual and the horizontal lines represent the median and interquartile ranges. The Mann-Whitney U 

test was used for comparison. 
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 Effect of sex on the expression levels of CD14 and TLR4 and plasma levels of LBP, 

sCD14, and MD-2  

Individuals were stratified according to sex and expression levels of the CD14 and TLR4 

receptors and plasma levels of LBP, sCD14, and MD-2 compared in the total group of black 

and white individuals combined, and in each group separately. No significant sex differences 

were observed in CD14 density on monocytes and neutrophils for any of the comparisons 

(Figure 2.4A i, A ii, and A iii).  
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Figure 2.3: Comparison of (A) LBP, (B) sCD14, and (C) MD-2 plasma levels between healthy 

black South Africans (n=17) and white South African (n=21). Each dot represents a single individual 

and the horizontal lines represent the median and interquartile ranges. The Mann-Whitney U test 

was used for comparison. 
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TLR4 expression on total monocytes (p=0.036) and CD14+CD16+ (p=0.033) and CD14+CD16- 

(p=0.020) monocyte subsets was significantly higher in females compared to males (Figure 

2.4B i) for the total group. Upon stratification into population groups, it was evident that this 

relationship was due to the white South African females, which had significantly higher TLR4 

expression on their total monocytes (p=0.016) and CD14+CD16+ (p=0.016) and CD14+CD16- 

(p=0.009) monocyte subsets compared to males (Figure 2.4B ii and iii). No sex differences in 

TLR4 expression were evident on neutrophils (Figure 2.4i – 2.4B iii).  

Comparison of LBP, sCD14 and MD-2 plasma levels between the total group of males and 

females revealed no sex differences (data not shown). Stratification according to population 

group also showed no sex differences in plasma levels of LBP, sCD14 and MD-2 (Figure 2.5). 

It is noteworthy that the LBP plasma levels were significantly higher in black females 

compared to white females (p<0.0001), but black males compared to white males only showed 

a trend of higher LBP, suggesting that females are mostly responsible for the population 

differences in LBP plasma levels.  
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Figure 2.4: Comparisons of (A) CD14 and (B) TLR4 expression on CD14+ monocytes and CD16+ neutrophils 

between females and males. (i) Total South African females (n=19) and total South African males (n=16), (ii) 

black South African females (n=9) and males (n=8) (iii) white South African females (n=11) and males (n=8). 

Each dot represents a single individual and the horizontal lines represent the medians and interquartile ranges. 

The Mann-Whitney U test was used for comparisons.  
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 Effect of age on the expression levels of CD14, TLR4 and plasma levels of LBP, 

sCD14, and MD-2 

Age has been shown to affect the expression levels of various genes and proteins. Our 

participants ranged in age from 25 to 64 years. Figure 2.6 shows a heatmap of the correlations 

between age and constitutive CD14 and TLR4 expression, and the plasma levels of LBP, 

sCD14, and MD-2.  

Only a few significant correlations were observed, clearly driven by one or other sex in the 

specific population groups. In black South African males, the expression of CD14 on 

CD14+CD16+ subsets of monocytes (r=-0.759, p=0.029) and neutrophils (r=-0.759, p=0.029), 
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as well as the TLR4 expression on neutrophils negatively correlated with age (r=0.795, 

p=0.018). In white females, CD14 expression on total monocytes (r= -0.7, p=0.016), 

CD14+CD16- (r=0.7, p=0.016) and CD14+CD16+ (r= -0.627, p=0.039) subsets of monocytes, 

and neutrophils (r=-0.718, p=0.013) negatively correlated with age. This was strikingly 

different from the positive (non-significant) correlations observed with age in white males. No 

significant correlations between the plasma levels of LBP, CD14, and MD-2 with age were 

observed for any of the comparisons.  

 Correlation between constitutive CD14 and TLR4 expression, and LBP, sCD14, and 

MD-2 plasma levels  

The relationship between cell surface expression of CD14 and TLR4, and the plasma levels of 

LBP, sCD14, and MD-2 was investigated. Figure 2.7 shows the results depicted by a heatmap.  

First analysed was the expression of CD14 and TLR4 on monocytes versus neutrophils. CD14 

expression on total monocytes positively correlated with CD14 expression on neutrophils in 

the total group of our healthy controls (r=0.421, p=0.011). This significant correlation could 

be attributed to the black population group since it was stronger in black South Africans 

(r=0.662, p=0.004) and was not significant in white South Africans. The significant positive 

correlation between the CD14 expression on total monocytes and neutrophils was maintained 

when participants were analysed according to sex in total females (r=0.531, p=0.016) and 

according to both sex and ethnicity in black males (r=0.762, p=0.028). Similarly, the expression 

of TLR4 on total monocytes also positively correlated with TLR4 expression on neutrophils in 

the total group (r=0.512, p=0.001), total females (r= 0.456, p=0.043) and total males (r=0.594, 

p=0.015). 
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Next, the relationship between CD14 and TLR4 expression was analysed. CD14 expression on 

total monocytes positively correlated with that of TLR4 in the total group (r=0.404, p=0.014), 

the total female group (r=0.523, p=0.018), and black South Africans (r=0.512, p=0.036). A 

strong positive correlation was also observed between the CD14 and TLR4 expression on 

neutrophils in the total group (r=0.624, p=0.00005), total female group (r=0.577, p=0.008), 

total male group (r=0.735, p=0.001), white South Africans (r=0.560, p=0.013), black South 

Africans (r=0.644, p=0.005), and black South African males (r=0.929, p=0.0009). 

Additionally, CD14 expression on neutrophils also correlated positively with TLR4 expression 

on monocytes (CD14+) in the total group (r=0.335, p=0.046) and total males (r=0.618, 

p=0.011), which was driven by the strong correlation observed with the black males (r=0.810, 

p=0.015).  

In white South Africans females, LBP correlated positively with sCD14 (r=0.636, p=0.035), 

but a similar correlation was absent in white males. Black South African males, however, had 

a significant negative correlation between LBP and sCD14 (r=-0.738, p=0.037). No significant 

Black South Africans White South Africans Total Group

Total Males Females Total Males Females Total Males Females

A.     CD14 expression

CD14+ Monocytes *

CD14+ CD16- Monocytes *

CD14+ CD16+ Monocytes * *

CD16+ Neutrophils * * * *

B.     TLR4 expression

CD14+ Monocytes

CD14+ CD16- Monocytes

CD14+ CD16+ Monocytes

CD16+ Neutrophils *

C.     Plasma Levels

LBP

sCD14

MD-2

Spearman r

-1                            0                           1

Figure 2.6: Heatmap showing correlations (Spearman’s rank) between age and the expression of (A) 

CD14 and (B) TLR4 on CD14+ monocytes, the monocyte subsets (CD14+CD16-; CD14+CD16+), and 

CD16+ neutrophils, and (C) plasma levels of LBP, sCD14 and MD-2. The colours represent the 

direction and strength of the correlation with blue representing a negative correlation, red representing 

a positive correlation, and white representing a lack of correlation (*p<0.05).  
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correlations were observed between the plasma levels of MD-2 with the plasma levels of LBP 

or sCD14.  

Lastly, the relationships between TLR4 and CD14 expression on monocytes and neutrophils 

and plasma levels of sCD14, LBP, and MD-2 was investigated. There were no significant 

correlations between the surface expression of CD14 and TLR4 with plasma levels of sCD14, 

LBP, and MD-2 in either the total participant group combined or when stratified by population 

group. However, when stratified according to both sex and ethnicity, in black females, TLR4 

expression on total monocytes positively correlated with LBP plasma levels (r=0.750, 

p=0.020). CD14 density on monocytes correlated positively with MD-2 plasma levels in black 

South African males (r=0.736, p=0.038). In white South African males, TLR4 expression on 

total monocytes (r=0.714, p=0.047) and CD14 expression  on neutrophils (r=0.833, p=0.01) 

positively correlated with plasma levels of sCD14.  

 Evaluating the effect of LPS and LTA stimulation on TLR4 expression  

To determine whether TLR4 expression on monocytes and neutrophils is differentially 

regulated in black and white South Africans post stimulation, whole blood was stimulated with 

LPS and LTA, and TLR4 expression compared between stimulated and unstimulated 

conditions.  

In black South Africans, compared to unstimulated controls, LPS stimulation significantly 

downregulated TLR4 (Figure 2.8 A i) on total monocytes (p=0.031), CD14+CD16- (p=0.035) 

and CD14+CD16+ (p=0.017) monocyte subsets, and on neutrophils (p=0.036). In comparison, 

LTA stimulation significantly downregulated TLR4 on CD14+CD16+ monocytes (p=0.039, 

Figure 2.8A i) but significantly upregulated TLR4 on neutrophils (p=0.002, Figure 2.8A i) 

when compared to unstimulated controls. Compared to LPS stimulation, LTA stimulation 

resulted in significantly higher TLR4 expression on neutrophils (p=0.002, Figure 2.8A i), but 

not on monocytes.  
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Figure 2.7: Heatmap showing correlations between expression levels of TLR4, mCD14, sCD14, LBP, and MD-2 in black South Africans, white South Africans and 

the combined total group of our study participants. (A) Total black South Africans (n=17), total white South Africans (n=21), and the total group of our study 

participants (n=38). (B)  Black females (n=9), white females (n=11) and total females (n=20). (C)   Black males (n=8), white males (n=10), and total males (n=18). 

CD14 (M): CD14 expression on CD14+ monocytes, CD14 (N): CD14 expression on CD16+ neutrophils, TLR4 (M): TLR4 expression on CD14+ monocytes and 

TLR4 (N): TLR4 expression on CD16+ neutrophils. The colours represent the direction and strength of the correlation with blue representing a negative correlation, 

red representing a positive correlation and white representing a lack of correlation (*p<0.05, **p<0.01, ***p<0.001). 
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In contrast, in white South Africans (Figure 2.8B i), compared with unstimulated controls, LPS 

stimulation significantly upregulated TLR4 on total monocytes (p=0.003), CD14+CD16- 

(p=0.0.03) and CD14+CD16+ (p=0.010) monocyte subsets, and on neutrophils (p=0.005). 

Similarly, LTA stimulation (Figure 2.8B i) significantly upregulated TLR4 on total monocytes 

(p<0.0001), CD14+CD16- (p<0.0001) and CD14+CD16+ (p=0.003) monocyte subsets, and on 

neutrophils (p=0.008). LTA stimulation compared to LPS stimulation resulted in significantly 

higher TLR4 expression on total monocytes (p=0.026) and the CD14+CD16- monocyte subset 

(p=0.016), but not on the CD14+CD16+ monocyte subset or neutrophils (Figure 2.8B i).  

When the black and white individuals were stratified by sex, it was found that in black South 

Africans the significant downregulation of TLR4 by LPS stimulation compared to unstimulated 

controls on total monocytes, monocytes subsets, and neutrophils was lost in both females 

(Figure 2.8A ii) and males (Figure 2.8A iii). The significant downregulation of TLR4 density 

in CD14+CD16+ monocytes in LTA stimulated compared to unstimulated controls was 

maintained in females (p=0.039, Figure 2.8A ii), as was the significant upregulation of TLR4 

on neutrophils (p=0.012, Figure 2.8A ii) compared to LPS stimulation.  

In white South Africans, we found that in females (Figure 2.8B ii), the significant upregulation 

of TLR4 by LPS stimulation was maintained in total monocytes (p=0.024), CD14+CD16- 

monocyte subsets (p=0.019), and neutrophils (p=0.019). However, in males LPS stimulation 

only resulted in TLR4 upregulation on neutrophils (p=0.02, Figure 2.8B iii). Similar to the 

total group of white South Africans, in females LTA stimulation, resulted in the upregulation 

of TLR4 on total monocytes (p=0.001), CD14+CD16- (p=0.001) and CD14+CD16+ (p=0.037) 

monocyte subsets, and neutrophils (p=0.003, Figure 2.8B ii). In males, LTA stimulation 

resulted in significant upregulation of TLR4 only on total monocytes (p=0.008) and 

CD14+CD16- monocyte subsets (p=0.008) (Figure 2.8B ii and 2.8B iii).  

Overall, the patterns of responsiveness (unstimulated, LPS-stimulated, LTA-stimulated) were 

influenced by cell type (monocytes vs neutrophils), and generally shared between females and 

males within each population group, and significance was attained in the total population 

groups because of larger sample numbers when females and males were combined. It was 

particularly noteworthy that TLR4 is mainly downregulated in monocytes and neutrophils of 

black individuals when whole blood was LPS-stimulated, whereas the opposite occurred in 

white individuals.  
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Figure 2.8: Comparisons of TLR4 expression between unstimulated, LPS- and LTA-stimulated monocytes 

and neutrophils in whole blood. (A) (i) black South Africans (n=17), (ii) black South African females (n=9), 

(iii) black South African males (n=8), (B) (i) white South Africans (n=19), (ii) white South African females 

(n=11), and (iii) white South African males (n=8). Each dot represents a single individual and the horizontal 

lines represent the median and interquartile ranges. The Wilcoxon signed-rank test used for comparisons. 

Significant p-values (p<0.05) are indicated. 
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2.4 Discussion 

Expression levels of the receptors (CD14 and TLR4) and soluble accessory molecules (sCD14, 

LBP, and MD-2) required for the recognition and response to LPS, are altered in various 

immune-related diseases (Nockher et al., 1994, Opal et al., 1999, Sandanger et al., 2009, 

González-Reyes et al., 2010, Sandler et al., 2011, Liao et al., 2015a). A range of these immune 

related diseases such as HIV-1, diabetes, and inflammatory bowel disease show sex and 

population differences (Fairweather and Rose, 2004, Campbell and Tishkoff, 2008, Molodecky 

et al., 2012, Özdemir and Dotto, 2017, Hertz and Schneider, 2019). Given that the distribution 

of genetic polymorphisms differ between different populations, with African populations being 

more genetically diverse (Tishkoff et al., 2009), different variants in the CD14, LBP, TLR4, 

and MD-2 might be regulating the expression levels of these genes in different population 

groups. In addition, differences in genetic variation and expression levels of various genes have 

been previously described in ethnically divergent South African populations (Paximadis et al., 

2021, Picton et al., 2010, Picton et al., 2017, Picton et al., 2012). Therefore, understanding of 

the baseline expression levels of the LPS recognition and signalling molecules in different 

sexes and ethnically divergent South African populations is essential. 

To address the influence of population, sex and age on molecules under study in this thesis - 

the constitutive monocyte and neutrophil expression levels of TLR4, CD14 (mCD14) and 

plasma levels of sCD14, LBP, and MD-2 were determined in healthy HIV-uninfected 

individuals from the black and white South African populations.  In addition, we investigated 

the effect of LPS and LTA stimulation on TLR4 expression levels on monocytes and 

neutrophils in these populations. The latter questioned if TLR4 expression might be 

differentially regulated according to population group and sex. As TLR4 is the main signalling 

molecule in the immune axis that engages with LPS, this component of the study was confined 

to TLR4 only. LTA was included to assess responsiveness compared to LPS.  

A limitation, here, is that the expression of CD14 was not quantified in the same way as TLR4 

expression was quantified. This could have provided some additional insights into CD14 as a 

functional cofactor upon LPS/LTA stimulation. CD14 expression could not be quantified using 

the QuantibriteTM PE beads as CD14 was conjugated to FITC in the TLR4 panel. In addition, 

because the staining protocol used CD14 to gate monocytes without the inclusion of another 

cell marker, such as HLA-DR (which stains all monocytes, including CD14- monocytes, 

brightly), further delineation of monocytes subsets beyond only classical and intermediate 

subsets was not possible (Abeles et al., 2012).  
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Findings demonstrated the following: (i) There were no significant population differences in 

the constitutive expression levels of CD14 (mCD14 or sCD14), TLR4 and MD-2. However, 

LBP plasma levels were significantly higher in black compared to white South Africans. (ii) 

TLR4 showed population-specific sex differences in constitutive expression levels. (iii) There 

were population and sex-dependent correlations between age and the constitutive expression 

levels of mCD14 and TLR4. (iv) LPS and LTA stimulation differentially affected TLR4 

expression in whole blood monocytes and neutrophils of black and white South Africans.  

LBP is an acute-phase protein constitutively expressed in relatively low levels under normal 

physiological conditions (Schumann et al., 1990, Grube et al., 1994) and plasma levels increase 

drastically in response to microbial translocation, and in the presence of infections and 

inflammation (Grube et al., 1994, Schumann and Zweigner, 1999). In the presence of LPS, 

LBP has been shown to have concentration-dependent dual roles, which affect the activation 

of the TLR4 receptor. In low concentrations, LBP binds and catalytically transfers LPS to 

CD14 to initiate inflammatory cytokine responses (Zweigner et al., 2001). In high 

concentrations, however, LBP can down-regulate immune responses to LPS by transferring the 

LPS or LPS/CD14 complexes to lipoproteins for neutralisation, thereby inhibiting the 

activation of the TLR4 receptor (Vesy et al., 2000, Zweigner et al., 2001).  In our study, plasma 

levels of LBP were found to be higher in healthy black when compared to white South Africans. 

To our knowledge, no previous studies have compared the baseline expression levels of LBP 

between black and white individuals.  

Given that LBP is an indirect marker of microbial translocation, higher plasma levels of LBP 

in black South Africans could suggest higher levels of microbial translocation in healthy black 

compared to white South Africans. In the presence of microbial translocation in people living 

with HIV-1, several studies have found a positive correlation between sCD14 and LBP plasma 

levels (Brenchley et al., 2006, Abad-Fernández et al., 2013). Such a relationship was not 

observed in our HIV-uninfected black South Africans. However, a positive correlation was 

detected in white South African females, consistent with what has been described in healthy 

individuals from Spain irrespective of sex (Gonzalez-Quintela et al., 2013). In contrast, LBP 

negatively correlated with sCD14 in black South African males, which was unexpected. These 

findings suggest that the higher LBP plasma levels in black compared to white South Africans 

could be driven in part by other factors such as genetic differences, and/or environmental 

factors that cause inflammation unrelated to microbial translocation. Of note, black individuals 
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have been shown to have high levels of systemic inflammation markers (IL-6, CRP, E-selectin 

and Fibrinogen) compared to white individuals (Stepanikova et al., 2017).  

In microbial translocation studies, sCD14 is used as a marker of LPS-induced monocyte 

activation (Marchetti et al., 2013). Soluble CD14 levels correlate with LPS and markers of 

inflammation in people living with HIV-1 (Brenchley et al., 2006, Sandler et al., 2011, Abad-

Fernández et al., 2013). However, in Belgium, a study found that sCD14 correlated with LPS 

in white but not in African individuals living with HIV-1 and was thus not a good marker of 

microbial translocation in African individuals (De Voeght et al., 2016). Although not 

significant, sCD14 plasma levels were higher (a trend) in white compared to black South 

Africans. This is consistent with findings from other studies, which also found that sCD14 

levels were lower in black individuals compared to white individuals irrespective of disease 

status (Reiner et al., 2013, De Voeght et al., 2016, Olson et al., 2020). Similar to LBP, in high 

concentrations, sCD14 can down-regulate immune responses to LPS, through the binding and 

transfer of LPS to plasma lipoproteins (Kitchens et al., 2001). Interestingly, high sCD14 levels 

are a risk factor for stroke and coronary heart disease in black but not white individuals (Olson 

et al., 2020), suggesting that these populations may have masked differences in the regulation 

and/or function of this molecule, which needs to be better understood.    

There are marked differences in innate and adaptive immune responses in males and females, 

which result in differences in susceptibility to inflammatory diseases, infectious diseases, and 

cancers (Klein and Flanagan, 2016). Compared to males, females have stronger innate and 

adaptive immune responses that ultimately result in better clearance of pathogens. This 

enhanced immune function, however, contributes to a higher susceptibility to autoimmune and 

inflammatory diseases (Schröder et al., 1998, Klein and Flanagan, 2016). Compared to women, 

men have been shown to have a higher susceptibility to infections and sepsis and subsequent 

morbidity and mortality (Schröder et al., 1998, Offner et al., 1999). Additionally, sex 

differences have been associated with differential constitutive expression levels of select genes 

in various tissues (Oliva et al., 2020), which potentially affect immune responses to foreign 

and self-antigens (Klein and Flanagan, 2016).  

Results from our study showed that white South African females have higher TLR4 expression 

on total monocytes and monocyte subsets compared to white males, accounting for the higher 

TLR4 expression in total (black and white) females compared to total males. This is in keeping 

with higher expression levels of TLR4 found in whole blood in females (n=67) compared to 
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males (n=120) reported in the GTEx (The Genotype Tissue Expression project) portal 

(https://www.gtexportal.org/home/). Although sex differences were not observed in TLR4 

expression in monocytes,  a previous study found higher TLR4 expression on neutrophils in 

males compared with females (Aomatsu et al., 2013). Beyond its role in recognition of 

pathogen-associated molecular patterns (PAMPs) such as LPS, the TLR4 receptor has been 

shown to play a role in tissue injury and repair (Yu et al., 2010). Activation of the TLR4 

receptor by damage-associated molecular pattern molecules (DAMPs) such as DNA-binding 

protein high-mobility group box 1 (HMGB1) released by necrotic cells and injured tissues 

results in sterile inflammation (Yu et al., 2010, Molteni et al., 2016). This sex difference in the 

expression levels of TLR4 in white but not black South Africans in our study suggests that 

there could be population specific sex differences in TLR4 functionality in vivo. Our findings 

using the whole blood stimulation model to evaluate TLR4 expression in response to LPS/LTA 

supports this likelihood. 

We did not find significant sex differences in sCD14 plasma levels in either population group. 

This is contrary to other studies, which have shown higher levels of sCD14 in females 

compared to males in American-based populations comprised of African Americans, 

Caucasians and Hispanics (Reiner et al., 2013, Olson et al., 2020, Stanislawski et al., 2021). 

Additionally, contrary to the findings of Gonzalez-Quintela et al. (2013), in which higher LBP 

plasma levels were associated (trend, not significant) with males in Spanish individuals, we 

found no significant sex differences in LBP plasma levels.  

In addition to age being a risk factor for various diseases such as cancer, cardiovascular disease, 

type 2 diabetes, and infectious diseases such as COVID-19, the expression levels of various 

genes in different tissues vary with age (Glass et al., 2013, Peters et al., 2015, Yang et al., 2015, 

Henkens et al., 2022). Here, the expression of CD14 on monocytes and neutrophils showed 

population- and sex-specific correlations with age. In white South Africans, CD14 expression 

on monocytes and neutrophils decreased with age in females, and although not significant, the 

relationship was the opposite in males. Similar to white South African females, CD14 

expression on non-classical monocytes and neutrophils decreased with age in black males. 

Furthermore, we found that TLR4 expression on neutrophils negatively correlated with age in 

black males. The negative correlation between TLR4 and CD14 density and age could be a 

result of age-related changes in monocyte phenotypes (De Maeyer and Chambers, 2021). 

Interestingly, while we saw a relationship between mCD14 and age, we did not find a 

significant correlation between sCD14 with age. Studies in mixed race American cohorts have, 

https://www.gtexportal.org/home/
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however, found that sCD14 increased with age (Reiner et al., 2013, Olson et al., 2020, 

Stanislawski et al., 2021), thus highlighting the danger of extrapolating findings from studies 

conducted in different population groups.  

No significant correlations between age and plasma levels of LBP were detected in this study 

irrespective of ethnicity or sex. This is in agreement with findings from a study conducted in a 

population of predominantly Caucasian adults older than 60 years of age, where they did not 

find a correlation between LBP plasma levels with age even after adjusting for race, gender 

and body mass index (Stehle et al., 2012). In contrast, a study conducted on healthy individuals 

from Spain found a positive correlation between age and LBP plasma levels (Gonzalez-

Quintela et al., 2013). In animal models, intestinal permeability and microbial translocation 

increases with age and this is driven by age-related inflammation and microbial dysbiosis 

(Thevaranjan et al., 2017). A recent study in healthy humans, however, found that age did not 

affect the functional capacity of the intestinal barrier (Wilms et al., 2020). More studies are 

thus needed in different population groups to determine the relationship between gut 

permeability and age and consequently the effect on the downstream markers of microbial 

translocation.   

The differential regulation of TLR4 expression in response to LPS/LTA stimulation of whole 

blood, according to ethnicity and sex, was striking. In response to LPS stimulation, TLR4 was 

downregulated on monocytes and neutrophils in black South Africans, but the opposite 

occurred in white South Africans – TLR4 expression was upregulated. Given that TLR4 is 

activated by LPS, an increase in TLR4 expression would be expected. Our findings in white 

individuals are consistent with those of a study conducted in Norway, which found that 

stimulation with different concentrations of LPS increased TLR4 mRNA expression in 

monocytes and polymorphonuclear cells (Muzio et al., 2000). Although ethnicity was not 

specified, over 90% of the Norwegian population are white. Interestingly, in our study, when 

white South Africans were stratified by sex, the effect of LPS stimulation on TLR4 expression 

was lost in males but remained in females. This suggests that the sex differences in baseline 

TLR4 expression levels in white South Africans may influence the immune response to LPS. 

White females had a more substantial upregulation of TLR4 with both stimuli. Sex differences 

in response to LPS stimulation have been previously reported. Compared to females, males 

have been shown to produce higher levels of pro-inflammatory cytokines in response to LPS 

stimulation; however, other studies did not find sex differences in cytokine production after 

LPS stimulation (Bruunsgaard et al., 1999, Heesen et al., 2002, Aulock et al., 2006, Lefèvre et 
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al., 2012, Beenakker et al., 2020). Furthermore, a higher cytokine response in response to LPS 

stimulation was present in younger men compared to younger women, however this 

relationship was not seen in older individuals (Bruunsgaard et al., 1999). 

In mice, downregulation of TLR4 post LPS stimulation has been reported (Nomura et al., 

2000). This is consistent with the downregulation seen in black South African population, 

which could be attributed to endocytosis of the TLR4 receptor and/or endotoxin tolerance. 

LPS-induced downregulation of TLR4 expression on monocytes through endocytosis, thereby 

attenuating inflammatory immune responses, has been reported (Husebye et al., 2006). 

Endotoxin/LPS tolerance is a diminished response to LPS post an initial exposure to LPS 

(Biswas and Lopez-Collazo, 2009). Given that LBP plasma levels are an indirect marker of 

microbial translocation, higher plasma levels of LBP seen in black South Africans could be 

indicative of more LPS exposure, thereby resulting in endotoxin tolerance after LPS 

stimulation and subsequent downregulation. The complex interaction between LPS, LBP, and 

TLR4 and its consequential effect on cytokine production and the immune response in different 

population groups needs to be studied further.   

Purified LTA does not stimulate TLR4 in NF-κβ reporter cell lines as measured by the 

expression of CD25 (Han et al., 2003). Although LTA is not a TLR4 ligand, LTA significantly 

upregulated TLR4 expression in whole blood on both monocytes and neutrophils in white 

South Africans, and on neutrophils in black South Africans. Given that CD14 is also a receptor 

for LTA (Schroder et al., 2003), LTA stimulation could have indirectly upregulated the TLR4 

expression through the activation of monocytes and neutrophils via CD14. Differential 

cytokine induction through either stimulant, affected by ethnicity, sex or age, could also 

indirectly affect surface expression of TLR4 or of CD14. 

The main strength of this study is that we collectively determined the expression levels of the 

LPS signalling receptors and accessory molecules in the same individuals, which allowed us 

to also investigate the relationship between these molecules. Although the small sample sizes 

were a limitation of this study, especially when investigating sex differences, some of the 

associations were strong regardless of the small numbers and form a strong basis for future 

investigations. Additionally, due to the exploratory nature of this study, we did not correct for 

multiple comparisons, therefore some of the findings could be false positives. Verification of 

these findings in larger replication cohorts is required. Another weakness of this study is that 
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we did not obtain demographic information from our study participants. For example, weight, 

BMI and fasting status at the time of blood collection can influence the plasma levels of LBP.  

Taken together, findings show that there are baseline population differences in LBP plasma 

levels between black and white South Africans and population-specific sex differences (TLR4), 

as well as, population, and sex-specific influence of age on the expression levels of CD14 and 

TLR4. These findings suggest that there are distinct differences in factors, which regulate the 

expression levels of these molecules between black and white South Africans, which could 

translate to differences in innate immune responses between these two populations. 

Importantly, our findings underscore the importance of taking ethnicity, sex, and age into 

consideration when quantitating biological markers in relation to any clinical outcomes of 

infection/disease.  
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CHAPTER 3                                                                           

Variation in the genes for LPS recognition receptors, CD14 and 

TLR4, in the black South African population: comparison with 

other populations and prevalence in HIV-1 controllers 

 

 

  



57 

 

3.1 Introduction  

Cluster of differentiation 14 (CD14) and Toll-like receptor 4 (TLR4) are key molecules in the 

activation of the innate immune response by lipopolysaccharide (Lu et al., 2008). CD14 is a 

glycoprotein found either as a glycosylphosphatidylinositol-anchored protein (mCD14) on the 

surface of monocytes, macrophages, and neutrophils, or as a soluble form (sCD14) derived 

from direct secretion from the liver or from cleavage of the mCD14 (Su et al., 1999). Although 

CD14 has a binding domain for LPS, it lacks a transmembrane domain (Dauphinee and Karsan, 

2006) and thus TLR4 is required for intracellular signalling. TLR4 is a type 1 transmembrane 

protein consisting of an extracellular domain, a transmembrane signalling domain, and a 

cytoplasmic domain (Kang and Lee, 2011). Like CD14, TLR4 is mostly expressed by cells of 

myeloid origin (Muzio et al., 2000).  

CD14 is encoded by the CD14 gene located on chromosome 5 q23−q31 (Goyert et al., 1988). 

The CD14 gene is approximately 1.9 kb in length and has two exons. A single nucleotide 

polymorphism (SNP) located in the CD14 gene promotor region (rs2569190, also known as -

159C>T or -260C>T) has been extensively studied. This variant has been associated with the 

transcriptional activity of the CD14 gene promotor (LeVan et al., 2001). Homozygosity for the 

minor allele of the rs2569190 SNP (T/T) has been associated with higher plasma levels of 

sCD14 and higher mCD14 density on monocytes (Baldini et al., 1999, Hubacek et al., 1999, 

Eng et al., 2004, Lin et al., 2007, Levan et al., 2008). Minor allele homozygosity for rs2569190 

has also been associated with higher levels of TNF-α and IL-6 and lower levels of IL-10 upon 

stimulation with LPS, and higher levels of TNF-α after stimulation with Chlamydiae (Eng et 

al., 2004, Lin et al., 2007). Several studies have shown that this rs2569190 SNP also associates 

with the risk and severity of several diseases including myocardial infarction, tuberculosis, 

periodontitis, asthma, and sepsis (Hubacek et al., 1999, Unkelbach et al., 1999, Shimada et al., 

2000, Laine et al., 2005, Rosas-Taraco et al., 2007, Wu et al., 2017).  

TLR4 is encoded by the TLR4 gene located on  chromosome 9 q32-33 (Rock et al., 1998). The 

TLR4 gene is composed of three exons and is approximately 19 kb in length. Two 

nonsynonymous TLR4 SNPs, namely rs4986790 (Asp299Gly) and rs4986791 (Thr399Ile), 

have been extensively studied. These amino acid changes are within the TLR4 extracellular 

domain (Rallabhandi et al., 2006) and have been shown to affect TLR4 responsiveness to 

inhaled LPS in humans (Arbour et al., 2000, Newport et al., 2004, Rallabhandi et al., 2006). 

The rs4986790 and rs4986791 TLR4 SNPs are in strong linkage disequilibrium (LD) in 

Caucasians, but not in West African and South African populations (Arbour et al., 2000, 
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Newport et al., 2004, Kresfelder et al., 2011), illustrating the importance of population-specific 

studies. These TLR4 SNPs have been associated with the risk and severity of a range of 

infectious and non-infectious diseases including cancers, periodontal disease, sepsis as well as 

HIV-1 infection (Noreen et al., 2012, Vidyant et al., 2019). In people living with HIV-1, 

rs4986790 and rs4986791 have been associated with high viral loads (Pine et al., 2009) and 

late CD4+ T-cell recovery after antiretroviral therapy (Yong et al., 2016). Another TLR4 variant 

of significance is the rs11536889 SNP which is located in the 3’ untranslated region of the 

TLR4 gene. This variant significantly upregulates TLR4 expression in monocytes (Sato et al., 

2012) and has also been associated with several diseases (Zheng et al., 2004, Hishida et al., 

2009, Zhou et al., 2011, Liu et al., 2018).  

It is well established that African populations are more genetically diverse compared to non-

African populations with different LD patterns. The CD14 and TLR4 genes, however, have not 

been extensively studied in African populations. In this study, using whole genome sequencing 

(WGS) data, we describe genetic variation and linkage disequilibrium patterns in the CD14 

and TLR4 genes in black South African individuals and compare to data available from the 

1000 Genomes Project (Auton et al., 2015). Furthermore, WGS data available for a cohort of 

black South African HIV-1 controllers, allowed us the opportunity to determine putative 

associations of interest in the context of HV-1 control based on 

overrepresentation/underrepresentation of various genetic variants relative to the uninfected 

control individuals.  

 

3.2 Methods  

3.2.1 Study participants 

Whole genome sequencing (WGS) data for 87 HIV-1 uninfected black South African 

individuals were used for the characterisation of the CD14 and TLR4 genetic variation and 

linkage disequilibrium analysis as well as for comparing to the South African HIV-1 controllers 

(described below). These black South African individuals are a subset of the previously 

described AWI-Gen H3Africa Consortium study (Ramsay et al., 2016, Ali et al., 2018). For 

purposes of describing the genetic variation, these individuals will be referred to as the South 

African (SA) population, and for purposes of comparison to the HIV-1 controllers, these 

individuals will be referred to as South African (SA) controls since they are serving as a healthy 

(absence of HIV-1 infection) reference group.  
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In addition, WGS data for 39 black South African HIV-1 controllers were available from a 

study conducted in our research unit, and first used towards a study of genes involved in 

absorption, distribution, metabolism, and excretion (ADME) of drugs in African populations 

(da Rocha et al., 2021). HIV-1 controllers are broadly defined as individuals who can control 

the HIV-1 infection in the absence of antiretroviral therapy (ART). They were recruited from 

four different sites in Johannesburg, South Africa, namely Chris Hani Baragwanath Hospital, 

Helen Joseph Hospital, Life Brenthurst Hospital, and Toga Laboratories. The HIV-1 controllers 

were comprised of elite controllers (ECs, n=21), viraemic controllers (VCs, n=6), and high 

viral load long-term non-progressors (HVL LTNPs, n=12). Elite controllers were defined as 

people living with HIV-1 (PLWH), who in the absence of ART can maintain a viral load (VL) 

of less than 50 RNA copies/ml. Viraemic controllers were comprised of individuals who can 

maintain VL > 50 RNA copies/ml but < 2000 RNA copies/ml. Lastly, HVL LTNPs were 

defined as PLWH that can maintain CD4+ T cell counts > 500 cells/µl in the presence of VL 

> 10,000 copies/ml for > 7 years without the use of ART.  

Written informed consent was obtained from all study participants and this study was approved 

by the University of the Witwatersrand Human Research Ethics Committee (HREC).  

3.2.2 Whole genome sequencing  

Whole genome sequencing of the 87 black South African controls was conducted by the Broad 

Institute Genomic Services (Massachusetts Institute of Technology, Cambridge, 

Massachusetts, USA). The TruSeq Nano DNA Library Prep Kits were used for sample 

preparation and the WGS was performed on an Illumina TenX (150 bp) to a minimum depth 

of coverage of 30x. WGS data for the HIV-1 controllers were also generated commercially by 

Edinburgh Genomics (Edinburgh, Scotland). The Illumina SeqLab workflow system and high 

coverage sequencing (~40X) on the Illumina HiSeqX platform were used to generate the WGS 

data.  

Analysis of the WGS data was performed using the Broad Institute best practice pipeline. De-

multiplexing and adapter trimming was done using Bcl2fastq (v2.17.1.14) and BCBio-Nextgen 

(v0.9.7) was used to analyse the data. Sequencing reads were aligned to the hg38 reference 

using Bwa-mem (v0.7.13), and Samblaster (v0.1.22) was used to mark duplicated fragments. 

Variant calling was performed using HaplotypeCaller implemented in GATK (v4.0.8.0). 

Variant Quality Score Recalibration implemented in GATK (v4.0.8.0) was used for filtering of 

variants (SNPs and indels). Appropriate quality control metrics were applied to the data and 
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bad calls were filtered out. Variants that passed the quality assessment were used for 

subsequent analysis. However, variants that were only detected in single individuals could still 

be due to a sequencing error, and would therefore need to be validated using other 

methodologies. It should be noted that in this study, wildtype vs. mutant allele refer to major 

and minor alleles in our South African population which do not always correspond with the 

1000 Genomes Project populations (i.e., a particular variant may have an allele that is reported 

as the minor allele in the SA population, when in fact it is the predominant allele in the 1000 

Genomes Project populations. 

3.2.3 Linkage disequilibrium analysis and Hardy-Weinberg equilibrium 

The Haploview software version 4.2 was used to calculate LD between pairs of SNPs. Both D’ 

and R2 values were calculated and used as measures of LD to infer putative haplotypes in the 

black South African population (n=87). Variants with a minor allele frequency of less than 1% 

were excluded when inferring haplotypes. The frequencies of the putative haplotypes were 

estimated using the Haploview software and manually confirmed by counting the number of 

variant alleles making up the putative haplotype and dividing by the total number of alleles. 

Deviation from Hardy-Weinberg equilibrium for all SNPs detected in the CD14 or TLR4 genes 

was calculated using the exact tests of Wigginton, Cutler, and Abecasis (Wigginton et al., 2005) 

implemented through the Haploview software version 4.2. The South African controls and 

HIV-1 controllers were tested independently.  

3.2.4 Data analysis  

To compare allelic and genotypic representation of CD14 and TLR4 variants, Fisher’s exact 

tests were performed using an in-house developed and validated data analysis pipeline 

(Reveley et al., unpublished). Variants across the entire gene as well as 2 kb upstream and 

downstream of the genes were used for analysis. All statistical tests were two-sided and 

statistical significance was set at p < 0.05 and 95% confidence intervals (CI) of odds ratios 

(OR) were also calculated. The pipeline was also used to obtain allelic data for CD14 and TLR4 

variants available from the 1000 Genomes Project [Yoruba in Ibadan, Nigeria (YRI, n=108) 

and Luhya from Webuye, Kenya (LWK, n=99) African subpopulations, European population 

(EUR, n= 503), East Asian population (EAS, n=504), and South Asian population (SAS, 

n=489)], for comparisons with the SA population. Genotypic data for variants showing LD in 

our population group were obtained from 1000 Genomes Project reference populations to carry 

out linkage disequilibrium analysis for comparative purposes. 
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To predict the consequences of nonsynonymous SNPs, we used the Variant Effect Predictor 

(VEP) tool (https://www.ensembl.org/Tools/VEP) which generates SIFT (Sorting Intolerant 

from Tolerant) and PolyPhen-2 (Polymorphism Phenotyping v2) prediction scores. We used 

RegulomeDB v2.1 (https://regulomedb.org/) database to predict the function effect of non-

coding variants (intronic, and 5’ and 3’ flanking region variants). RegulomeDB is an integrated 

database that provides functional annotation of non-coding human variants based on high 

throughput data sets from ENCODE and other sources such as the GTEx project (Boyle et al., 

2012, Dong et al., 2022). The RegulomeDB annotations are based on data such as transcription 

factor binding sites, protein motifs, chromatin state, expression quantitative trait loci (eQTL), 

and computational predictions (DNase footprinting, position weight matrices). RegulomeDB 

uses a scoring system that classifies variants into categories 1 to 7, with lower categories 

representing variants which are more likely to be located in a functional region. This study 

focused on identifying category 1 variants, which are likely to be in a functional region and are 

thus more likely to affect gene expression. Category 1 variants are further divided into 

subcategories (1a – 1f), with a variant scored as 1a having the highest confidence on 

functionality (Boyle et al., 2012).  

 

3.3 Results  

3.3.1 Genetic characterisation of the CD14 and TLR4 genes  

3.3.1.1 Single nucleotide polymorphisms in the CD14 gene 

Forty-six variants were identified in the CD14 gene and flanking regions. The distribution and 

frequency of these variants with comparisons to select populations (YRI, LWK, EUR, EAS, 

and SAS) from the 1000 Genomes Project are shown in Table 3.1. Forty-one of the identified 

CD14 variants were SNPs and six of these SNPs were present in single individuals with a minor 

allele frequency (MAF) of 0.6%.  

We identified four SNPs in the coding region (exon 2) of the CD14 gene - one resulted in a 

synonymous mutation (rs4914), and three resulted in nonsynonymous mutations 

(rs754747693, rs377235098, and rs11556179). Representation of the synonymous SNP 

(rs4914; Leu367=) was significantly higher in the SA population compared to the European 

population, but not different when compared to the African subpopulations (YRI and LWK) 

and Asian populations (EAS and SAS). The rs11556179 SNP, which results in a substitution 

of glutamic acid with lysine at position 341 (Glu341Lys) is predicted to be ‘possibly damaging’ 

https://www.ensembl.org/Tools/VEP
https://regulomedb.org/
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and ‘deleterious’ by PolyPhen-2 and SIFT, respectively, and appears to be exclusive to African 

populations. Data are not available in 1000 Genomes Project for the rs754747693 (threonine 

to isoleucine, Thr129Ile) and rs377235098 (valine to isoleucine, Val333Ile) SNPs, which both 

occur at low frequency in our SA population. These SNPs are both predicted to be benign and 

tolerated by SIFT and PolyPhen-2.  

Only one SNP (rs1581449468) was identified in the intronic region of the CD14 gene. This 

SNP was only found in a single individual in the SA population, and no data for this SNP were 

available in the 1000 Genomes Project. Most SNPs detected in CD14 were found in the 5’ and 

3’ flanking regions of the gene (25 and 11 SNPs, respectively). A SNP located in the 3’UTR 

was a newly identified variant (designated CD14 N1-1) – this polymorphism was however only 

found in one individual and thus requires verification. Comparisons with the 1000 Genomes 

Project data showed extensive differences in representation of the CD14 5’ and 3’ flanking 

region variants when the SA population was compared to the European and Asian populations. 

As expected, the SA population showed a strong similarity to the African subpopulations, 

however more similarity was seen with the east African LWK population, with only one 

significantly different SNP representation (rs2569191) between these two populations.  
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Table 3.1: Minor allele frequencies of CD14 gene variants in the black South African population and 

comparison to select populations from the 1000 Genomes Project. 

 

 

 

Using the RegulomeDb database to predict the effects of the CD14 5’ and 3’ flanking region 

SNPs on CD14 gene regulation, within the 5’ flanking region, a common SNP across 

populations (rs2569190) had the lowest RegulomeDb rank of 1a, and three SNPs 

(rs112865855, rs5744455, and rs2915863) had a RegulomeDb rank of 1b. These two latter 

n(minor allele frequency, %) 

Location 
on gene

Position
(Chr:5)

Accession 
number

Base change 
(wt/mut)

SA 
(N=87)

YRI 
(N=108)

LWK 
(N=99)

EUR 
(N=503)

EAS
(N=504)

SAS
(N=489)

5' 
Flanking
region

140635623 rs2569192 G/C 39 (22.4) 43 (19.9) 42 (21.2) 131 (13.0) 261 (25.9) 215 (22.0)

140635596 rs5744446 T/C 17 (9.8) 18 (8.3) 22 (11.1) 0 1 (0.1) 0

140635541 rs5744447 G/A 3 (1.7) 11 (5.1) 6 (3.0) 0 2 (0.2) 0

140635490 rs73271519 C/T 17 (9.8) 18 (8.3) 22 (11.1) 0 1 (0.1) 0

140635324 rs5744448 G/T 14 (8.0) 33 (15.3) 20 (10.1) 0 5 (0.5) 0

140635201 rs866722455 C/G 2 (1.1) - - - - -

140635128 rs568528336 T/G 2 (1.1) 1 (0.5) 0 0 0 0

140635028 rs3138076 T/C 17 (9.8) 50 (23.1) 25 (12.6) 298 (29.6) 255 (25.3) 247 (25.3)

140634792 rs2915863 T/C 38 (21.8) 39 (18.1) 42 (21.2) 538 (53.6) 426 (42.1) 472 (48.3)

140634698 rs186291587 C/T 1 (0.6) 1 (0.5) 0 0 0 1 (0.1)

140634532 rs3138078 C/A 17 (9.8) 50 (23.1) 25 (12.6) 298 (29.6) 250 (24.9) 247 (25.3)

140634506 rs6875483 G/T 16 (9.2) 16 (7.4) 10 (5.1) 0 0 0

140634475 rs189034252 T/C 1 (0.6) 5 (2.3) 0 0 0 0

140634418 rs116340037 G/A 4 (2.3) 4 (1.9) 3 (1.5) 0 0 0

140634318 rs2569191 T/C 56 (32.2) 73 (33.8) 86 (43.4) 577 (57.4) 491 (48.6) 516 (52.8)

140634298 rs5744451 A/C 16 (9.2) 16 (7.4) 10 (5.1) 0 0 0

140633982 rs5744454 T/G 17 (9.8) 50 (23.1) 25 (12.6) 298 (29.6) 255 (25.3) 247 (25.3)

140633846 rs75652866 G/C 16 (9.2) 17 (7.9) 10 (5.1) 0 0 0

140633807 rs1477426797 TG/T 1 (0.6) - - - - -

140633794 rs1247251479 T/C 14 (8.0) - - - - -

140633784 rs112865855 T/C 14 (8.0) 33 (15.3) 20 (10.1) 0 5 (0.5) 0

140633722 rs5744455 G/A 3 (1.7) 17 (7.9) 5 (2.5) 298 (29.6) 244 (24.3) 248 (25.4)

140633688 rs142256657 A/AT 14 (8.0) 33 (15.3) 20 (10.1) 0 5 (0.5) 0

140633514 rs1314258554 C/T 2 (1.1) 0 0 0 0 0

140633331 rs2569190 G/A 58 (33.3) 68 (31.5) 85 (42.9) 575 (57.2) 491 (48.6) 516 (52.8)

140633206 rs34424920 T/C 2 (1.1) 4 (1.9) 4 (2.0) 0 0 0

140633177 rs142540319 A/C 4 (2.3) 1 (0.5) 9 (4.5) 0 0 0

Intron 1 140632997 rs1581449468 G/A 1 (0.6) - - - - -

Exon 2

140632598 rs754747693 G/T 1 (0.6) - - - - -

140632229 rs770147646 TG/T 2 (1.1) - - - - -

140631987 rs377235098 C/T 2 (1.1) - - - - -

140631963 rs11556179 C/T 5 (2.9) 1 (0.5) 4 (2) 0 0 0

140631883 rs4914 C/G 12 (6.9) 14 (6.5) 12 (6.1) 24 (2.4) 110 (10.9) 49 (5.0)

3'
Flanking
region

140631787 rs1369331514 C/T 2 (1.1) - - - - -

140631764 rs5744456 A/T 3 (1.7) 16 (7.4) 2 (1) 0 1 (0.1) 0

140631730 rs2563298 C/A 37 (21.3) 36 (16.7) 37 (18.7) 133 (13.2) 261 (25.9) 215 (22.0)

140631336 rs10691483 A/AGTGT 3 (1.7) - - - - -

140631233 CD14 NI-1 G/A 1 (0.6) - - - - -

140631141 rs12108825 A/G 22 (12.6) 8 (3.7) 13 (6.6) 0 0 0

140630615 rs79468340 G/A 8 (4.6) 8 (3.7) 2 (1.0) 0 0 0

140630586 rs1332242490 TTGATGAAGTG/T 1 (0.6) - - - - -

140630479 rs137971674 C/T 4 (2.3) 4 (1.9) 3 (1.5) 0 0 0

140630368 rs867339288 C/T 2 (1.1) - - - - -

140630155 rs141887474 G/A 4 (2.3) 3 (1.4) 4 (2.0) 0 0 0

140630056 rs113191362 C/G 8 (4.6) 1 (0.5) 5 (2.5) 0 0 0

140629752 rs148099171 G/A 1 (0.6) 0 2 (1.0) 0 12 (1.2) 1 (0.1)

wt/mut: wildtype/mutant referring to major and minor alleles, respectively; SA: South Africa; YRI: Yoruba in Ibadan, 

Nigeria; LWK: Luhya from Webuye, Kenya; EUR: European population; EAS: East Asian population; SAS: South 

Asian population; Grey shaded boxes represent significant comparisons to the South African population (SA); -: No non 

reference calls reported for this variant in 1000 genomes (assumption that they are monomorphic); CD14. NI-1: CD14 

newly identified variant. Indels are indicated with bold base changes. 
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SNPs were also common across all populations studied. Furthermore, we found six SNPs with 

a RegulomeDb rank of 1f in the 5’ flanking region, five of those SNPs (rs5744454, rs2569191, 

rs3138078, rs3138076, and rs2569192) were common SNPs across populations, while one SNP 

(rs5744448) was largely restricted to African populations (had < 1% MAF in EAS population). 

In the 3’ flanking region, three SNPs (rs148099171, rs12108825, and rs2563298) had a 

RegulomeDb rank of 1f – while the rs2563298 SNP was common across populations, the 

rs12108825 was only found in African populations, and the rs148099171 SNP was a rare 

variant across all populations and absent in the YRI and EUR populations. 

3.3.1.2 Single nucleotide polymorphisms in the TLR4 gene 

One hundred and seven variants were identified in the TLR4 gene and flanking regions. The 

distribution and frequency of the TLR4 variants compared to the 1000 Genomes Project 

populations, are shown in Table 3.2. Thirty of these variants were found in single individuals 

with MAFs of 0.6% - eight of these variants were newly identified variants in the SA population 

(TLR4 NI-1 to TLR4 NI-8), and as mentioned for CD14, will need to be verified. These newly 

identified variants were distributed throughout the gene with four in the 3’UTR, one in the 

5’UTR, one in each of the two introns and one in exon 3.  

Eleven TLR4 SNPs were found in the coding region of the gene (exon 3), of which five (TLR4 

NI-4, rs201050092, rs11536884, rs5030719 and rs55786277) were amongst the variants with 

0.6% MAF. The newly identified TLR4 NI-4 results in a synonymous mutation (Ser142=). The 

rs201050092 (Ile301Thr), rs11536884 (Leu385Phe), rs5030719 (Gln510His) and rs55786277 

(Arg804Trp) SNPs all result in nonsynonymous mutations. The rs55786277 and rs11536884 

SNPs are both predicted to be deleterious by SIFT, and ‘probably damaging’ and ‘possibly 

damaging’, by PolyPhen-2, respectively, whereas rs5030719 and rs201050092 are predicted to 

be ‘tolerated’ and ‘benign’ by SIFT and PolyPhen-2, respectively. No data are available on the 

1000 Genomes Project for the rs201050092 SNP. The rs11536884 and rs55786277 SNPs are 

reported as absent in the YRI, LWK, EUR, EAS, and SAS populations. The rs5030719 SNP is 

exclusive to African populations and found in significantly higher proportions in the LWK 

population relative to the SA population. Of the six exonic SNPs found with MAF > 0.6%, two 

result in synonymous mutations (rs5030710, Ser105= and rs112999435, Asn517=). The 

rs5030710 SNP was found exclusively in African populations whereas no data are available 

for the rs112999435 in the 1000 Genomes Project. The four coding region SNPs causing 

nonsynonymous mutations (MAF > 0.6%) were as follows, rs5030713 (Gln188Arg), 

rs4986790 (Asp299Gly), rs5030718 (Glu474Lys) and rs140816474 (Met659Thr). Using SIFT 
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and PolyPhen-2, three of the nonsynonymous SNPs (rs5030713, rs4986790 and rs5030718) 

were predicted to be ‘tolerated’ and ‘benign’, respectively, while the rs140816474 SNP was 

predicted to be ‘deleterious’ and ‘possibly damaging’, respectively. Interestingly, the 

rs140816474 SNP was found exclusively in our SA black population with a MAF of 4%, while 

the rs5030713 SNP was also present in YRI at a low frequency (MAF: 0.5%). The rs4986790 

SNP was found in all population groups included in this study except for the EAS population 

– this was surprising given its relatively high prevalence in both EUR (MAF: 5.7%) and SAS 

(MAF: 12.6%) population groups. The rs5030718 SNP, however, was found in African and 

EAS populations but was absent in EUR and SAS populations.  

The majority of TLR4 SNPs present at MAF > 0.6% were located within the introns of the 

gene (n=39, 54.9%). Twenty SNPs with MAF > 0.6% were identified in the 3’ UTR and six in 

the 5’UTR. Three of the 5’UTR SNPs, namely rs11536865, rs114102395, and rs11536866 

were located in the promoter region of the TLR4 gene according to Ensembl 

(https://www.ensembl.org/index.html). Comparisons of the MAFs (MAF 0.6 1%) of the 3’ and 

5’ UTR and intronic region TLR4 SNPs between the SA population and the 1000 Genomes 

Project reference populations showed that as expected, representation of the SNPs differed 

extensively between the SA population and the non-African populations (EUR, EAS, and 

SAS), and showed similarities to the African YRI and LWK populations. What was interesting 

is that unlike CD14, the SA population showed greater similarity to YRI than LWK in TLR4 

variant representation. 

Analysis of the regulatory region SNPs using RegulomeDb did not reveal any category 1 

variants in the 5’ flanking region. However, in the 3’ flanking region, we identified one SNP 

(rs11536898) with a RegulomeDb rank of 1b and eight SNPs (rs7873784, rs11536891, 

rs11536896, rs11536897, rs1927906, rs1554973, rs17420985, and rs60103585) with a rank of 

1f. While these SNPs were common across populations, the rs11536897 SNP was rare in the 

SAS population.  

https://www.ensembl.org/index.html
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Location

on gene

Position

(Chr:9)

Accession

number

Base change

(wt/mut)

SA

(N=87)

YRI

(N=108)

LWK

(N=99)

EUR

(N=503)

EAS

(N=504)

SAS

(N=489)

117702392 rs10983755 G/A 1 (0.6) 1 (0.5) 0 41 (4.1) 233 (23.1) 75 (7.7)

117702447 rs1927914 G/A 33 (19) 29 (13.4) 43 (21.7) 675 (67.1) 634 (62.9) 598 (61.1)

117702717 rs111949799 C/T 1 (0.6) 0 1 (0.5) 0 0 0

117702866 rs10759932 T/C 26 (14.9) 61 (28.2) 32 (16.2) 154 (15.3) 242 (24) 106 (10.8)

117703014 rs11536863 C/T 13 (7.5) 10 (4.6) 9 (4.5) 0 0 0

117703320 rs545731765 TAG/T 4 (2.3) 0 0 0 0 0

117703395 rs374195327 GTGA/G 1 (0.6) - - - - -

117703745 rs11536865 G/C 14 (8) 40 (18.5) 22 (11.1) 2 (0.2) 0 0

117703808 rs114102395 G/C 5 (2.9) 4 (1.9) 6 (3) 0 0 0

117703940 rs11536866 A/G 5 (2.9) 3 (1.4) 12 (6.1) 0 0 0

117704399 TLR4  NI-1 G/C 1 (0.6) - - - - -

117704458 rs112099833 G/A 1 (0.6) 0 1 (0.5) 0 0 0

117705259 rs143235839 C /T 4 (2.3) 0 0 0 0 0

117705718 rs2737195 C/T 3 (1.7) 4 (1.9) 5 (2.5) 0 0 0

117705794 rs115809387 T /C 5 (2.9) 3 (1.4) 12 (6.1) 0 0 0

117705818 rs73655841 A /G 30 (17.2) 22 (10.2) 16 (8.1) 0 0 0

117706032 TLR4 N1-2  T /G 1 (0.6) - - - - -

117706041 rs146948012  A /AAT 14 (8) 6 (2.8) 3 (1.5) 0 0 0

117706110 rs1927913 A/G 3 (1.7) 5 (2.3) 5 (2.5) 0 0 0

117706371 rs12344353  T /C 34 (19.5) 34 (15.7) 32 (16.2) 57 (5.7) 0 123 (12.6)

117706417 rs1159304191 C/ T 1 (0.6) - - - - -

117706831 rs560779117  C/T 1 (0.6) 1 (0.5) 0 0 0 0

117707089 rs78736019  A/G 4 (2.3) 6 (2.8) 3 (1.5) 0 0 0

117707148 rs1927912 C/T 33 (19) 27 (12.5) 22 (11.1) 0 0 0

117707272 rs7864330 T/G 34 (19.5) 34 (15.7) 32 (16.2) 57 (5.7) 0 123 (12.6)

117707386 rs2737196  A/G 34 (19.5) 27 (12.5) 22 (11.1) 0 0 0

117707776 rs1927911  A/G 67 (38.5) 65 (30.1) 78 (39.4) 748 (74.4) 637 (63.2) 737 (75.4)

117707806 rs570234836 A/C 1 (0.6) 1 (0.5) 0 0 0 0

117707870 rs1927910  A/G 39 (22.4) 33 (15.3) 24 (12.1) 0 0 1 (0.1)

117708080 rs1413088 G/A 37 (21.3) 33 (15.3) 25 (12.6) 0 0 0

117708086 rs1057270421 G/T 1 (0.6) - - - - -

117708094 rs10759933 A/C 34 (19.5) 34 (15.7) 32 (16.2) 57 (5.7) 0 123 (12.6)

117708271 rs548662649  A/G 4 (2.3) 0 0 0 0 0

117708542 rs146471625 T/G 3 (1.7) 2 (0.9) 0 0 0 0

117708780 rs2770148 G/A 37 (21.3) 33 (15.3) 25 (12.6) 0 0 0

117709009 rs11536874  C/T 15 (8.6) 11 (5.1) 8 (4) 0 0 0

117709013 rs11536875 C/T 34 (19.5) 28 (13) 19 (9.6) 0 0 0

117709042 rs11536876 A/G 6 (3.4) 13 (6) 8 (4) 0 0 0

117709080 rs11536877 A/G 34 (19.5) 28 (13) 19 (9.6) 0 0 0

117709275 rs11536878 C/A 3 (1.7) 10 (4.6) 13 (6.6) 101 (10) 129 (12.8) 136 (13.9)

117709382 rs111650156 C/T 1 (0.6) 0 1 (0.5) 0 0 0

117709505 rs144008955 C/T 3 (1.7) 1 (0.5) 3 (1.5) 0 0 0

117709613 rs188809386 A/G 1 (0.6) 1 (0.5) 0 0 0 0

117709658 rs553313109 A/AT 1 (0.6) 0 1 (0.5) 0 0 0

117709743 rs1927909 G/A 3 (1.7) 5 (2.3) 5 (2.5) 0 0 0

117709748 rs2737197 C/T 37 (21.3) 33 (15.3) 25 (12.6) 0 0 0

117709877 rs1927908 C/A 3 (1.7) 4 (1.9) 3 (1.5) 0 0 0

117709979 rs144882633 G/A 1 (0.6) 1 (0.5) 2 (1) 0 0 0

117710053 rs11536880  A/G 34 (19.5) 28 (13) 20 (10.1) 0 0 0

117710079 rs11536881 A/C 1 (0.6) 1 (0.5) 8 (4) 22 (2.2) 0 23 (2.3)

117710334 rs11536882 C/CTTTG 6 (3.4) 7 (3.2) 15 (7.6) 418 (41.6) 637 (63.2) 377 (38.5)

117710452 rs12377632 T/C 6 (3.4) 11 (5.1) 21 (10.6) 441 (43.8) 636 (63.1) 395 (40.4)

117710486 rs1927907 C/T 25 (14.4) 55 (25.5) 35 (17.7) 154 (15.3) 222 (22.0) 105 (10.7)

117710487 rs11536883 C/T 13 (7.5) 7 (3.2) 3 (1.5) 0 0 0

117710896 rs539376532 C/A 1 (0.6) 1 (0.5) 0 0 0 0

117710902 rs10983756 C/T 16 (9.2) 21 (9.7) 22 (11.1) 57 (5.7) 0 122 (12.5)

117711060 rs2770146 T/C 25 (14.4) 20 (9.3) 27 (13.6) 273 (27.1) 2 (0.2) 228 (23.3)

117711098 TLR4  NI-3 G/T 1 (0.6) - - - - -

117711188 rs117343502 G/A 1 (0.6) 10 (4.6) 4 (2) 57 (5.7) 0 122 (12.5)

117711556 rs5030717 A/G 14 (8) 50 (23.1) 28 (14.1) 113 (11.2) 7 (0.7) 33 (3.4)

117711589 rs5030725 T/G 43 (24.7) 45 (20.8) 46 (23.2) 4 (0.4) 0 0

117711896 rs374101533 A/T 5 (2.9) 0 1 (0.5) 0 0 0

117711921 rs2149356 T/G 33 (19) 31 (14.4) 46 (23.2) 691 (68.7) 638 (63.3) 615 (62.9)

117711979 rs5030727 C/T 12 (6.9) 16 (7.4) 10 (5.1) 1 (0.1) 0 0

117712004 rs5030728 G/A 25 (14.4) 20 (9.3) 27 (13.6) 273 (27.1) 2 (0.2) 228 (23.3)

117712061 rs5030729 A/G 44 (25.3) 33 (15.3) 27 (13.6) 0 0 0

117712250 rs5030644 CT/C 45 (25.9) 33 (15.3) 28 (14.1) 0 0 0

117712373 rs5030643 CT/C 44 (25.3) 33 (15.3) 27 (13.6) 0 0 0

5'

flanking

region

n (minor allele frequency, %)

Intron 1

Intron 2

Table 3.2: Minor allele frequencies of TLR4 gene variants in the black South African population and 

comparison to select populations from the 1000 Genomes Project. 
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3.3.1.3 Indels in the CD14 and TLR4 genes 

Five indels were detected across the CD14 gene and flanking regions (Table 3.1). Three of the 

indels were deletions located in the 5’UTR (rs1477426797), the 3’UTR (rs1332242490), and 

in exon 2 (rs770147646). The exon 2 deletion (rs770147646) causes a frameshift mutation, 

which introduces a premature stop codon in the gene. Data for these three deletions were not 

available in the 1000 Genomes Project. Both the 5’UTR and the 3’UTR deletions were only 

found in a single individual (MAF: 0.6%), however the exonic deletion was detected in two 

individuals (MAF: 1.1%). The two insertions detected were in the 3’UTR (rs10691483) and 

5’UTR (rs142256657). The 5’UTR insertion (rs142256657) is common among the African 

117712443  rs5030710 T/C 45 (25.9) 35 (16.2) 27 (13.6) 0 0 0

117712550 TLR4 NI-4 T/C 1 (0.6) - - - - -

117712691 rs5030713 A/G 2 (1.1) 1 (0.5) 0 0 0 0

117713024 rs4986790 A/G 5 (2.9) 8 (3.7) 19 (9.6) 57 (5.7) 0 123 (12.6)

117713030  rs201050092  T/C 1 (0.6) - - - - -

117713283 rs11536884 G/T 1 (0.6) 0 0 0 0 0

117713548  rs5030718 G/A 9 (5.2) 13 (6) 11 (5.6) 0 4 (0.4) 0

117713658 rs5030719 G/T 1 (0.6) 7 (3.2) 14 (7.1) 0 0 0

117713679 rs112999435 C/T 8 (4.6) - - - - -

117714104 rs140816474 T/C 4 (2.3) 0 0 0 0 0

117714538 rs55786277 C/T 1 (0.6) 0 0 0 0 0

117714804 rs11536885 A/C 2 (1.1) 0 0 0 0 0

117714824 TLR4 NI-5  TAA/T 1 (0.6) - - - - -

117714872  rs113464348 A/G 10 (5.7) - - - - -

117715169 rs1052811222 C/T 4 (2.3) - - - - -

117715396 rs11536887 A/G 14 (8) 22 (10.2) 8 (4) 0 0 0

117715511  rs11536888 C/T 11 (6.3) 9 (4.2) 9 (4.5) 0 0 0

117715671 TLR4 NI-6 A /T 1 (0.6) - - - - -

117715752 rs113017335 C /T 1 (0.6) - - - - -

117715754 rs7869402  C /T 29 (16.7) 62 (28.7) 44 (22.2) 41 (4.1) 38 (3.8) 71 (7.3)

117715793  rs200721952  G /A 10 (5.7) - - - - -

117716061 TLR4 NI-7 G A 1 (0.6) - - - - -

117716658  rs7873784 G/C 47 (27) 56 (25.9) 54 (27.3) 134 (13.3) 104 (10.3) 111 (11.3)

117716691 TLR4 NI-3 A/G 1 (0.6) - - - - -

117716762 rs144852071 G/T 5 (2.9) 1 (0.5) 6 (3) 0 0 0

117717059 rs11536891 T/C 52 (29.9) 56 (25.9) 62 (31.3) 134 (13.3) 106 (10.5) 110 (11.2)

117717109 rs183679927 G/A 1 (0.6) 2 (0.9) 1 (0.5) 0 0 0

117717204  rs11536892 G/A 5 (2.9) 12 (5.6) 11 (5.6) 0 0 0

117717274 rs11536893  G/A 2 (1.1) 8 (3.7) 9 (4.5) 0 0 1

117717456 rs11536896 T/C 52 (29.9) 56 (25.9) 62 (31.3) 134 (13.3) 106 (10.5) 110 (11.2)

117717496 rs145801336 TACTG/T 3 (1.7) 9 (4.2) 6 (3) 61 (6.1) 99 (9.8) 55 (5.6)

117717732 rs11536897 G/A 14 (8) 17 (7.9) 21 (10.6) 52 (5.2) 4 (0.4) 51 (5.2)

117717818 rs1829376677  A/G 1 (0.6) - - - - -

117717837  rs1927906 T/C 74 (42.5) 116 (53.7) 77 (38.9) 102 (10.1) 38 (3.8) 185 (18.9)

117717932  rs11536898 C/A 47 (27) 56 (25.9) 53 (26.8) 112 (11.1) 103 (10.2) 106 (10.8)

117718208 rs141831136 C/T 2 (1.1) 3 (1.4) 5 (2.5) 0 0 0

117718534 rs1554973 C/T 27 (15.5) 35 (16.6) 148 (74.7) 236 (23.5) 141 (14.0) 295 (30.2)

117718615 rs17420985  T/C 52 (29.9) 56 (25.9) 62 (31.3) 134 (13.3) 103 (10.2) 110 (11.2)

117718616 rs60103585 G/A 52 (29.9) 56 (25.9) 61 (30.8) 113 (11.2) 103 (10.2) 106 (10.8)

3'

flanking

region

Exon 3 

wt/mut: wildtype/mutant. SA: South Africa; YRI: Yoruba in Ibadan, Nigeria; LWK: Luhya from 

Webuye, Kenya; EUR: European population; EAS: East Asian population and SAS: South Asian 

population; Grey shaded boxes represent significant comparisons to the South African population (SA); 

-: No non reference calls reported for this variant in 1000 genomes (assumption that they are 

monomorphic); chr: 9: Chromosome 9; TLR4 NI: TLR4 newly identified variant. Indels are indicated with 

bold base changes. 
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populations, present in the EAS population (MAF < 1%) but absent in the EUR and SAS 

populations, and was predicted to have a RegulomeDb rank of 1b. No 1000 Genomes Project 

data are available for the 3’ UTR (rs10691483) insertion (however this insertion was detected 

in three SA individuals (MAF: 1.7%). 

Six indels with a MAF > 0.6% were detected across the TLR4 gene and flanking regions (Table 

3.2). Two of the indels were insertions located within the first and second introns (rs146948012 

and rs11536882, respectively). The rs146948012 insertion was found exclusively in African 

populations, however had a significantly higher presentation in the SA population compared to 

the YRI and LWK populations. In contrast, the rs11536882 insertion was found across all the 

populations, with similar representations in the African populations, but significantly higher 

representation in the non-African populations (EUR, EAS, and SAS) compared to the SA 

population. A third insertion in intron 2 (rs553313109) was found in a single individual 

(MAF=0.6%; Table 3.2) and was also present in the LWK population, but absent in the 

remaining populations. Of the four deletions with MAF > 0.6% detected, one was located in 

the 2 kb upstream region (rs545731765), and interestingly was unique to the SA population - 

found in four individuals with a MAF of 2.3%. Two deletions (rs5030644 and rs5030643) 

found in the second intron of the TLR4 gene were exclusive to African populations, and had 

significantly higher representation in the SA population compared to the YRI and LWK 

populations. The fourth deletion (rs145801336) located in the 3’UTR, was found across all 

populations and representation of this deletion was significantly higher in non-African 

populations compared to the SA population. In addition, two rare deletions (MAFs=0.6%) were 

identified in the 5’ and 3’ flanking regions (Table 3.2). No 1000 Genomes Project data were 

available for these two deletions.  

3.3.2 Linkage disequilibrium and identification of putative haplotypes in the CD14 and 

TLR4 genes 

3.3.2.1 CD14 

Nine putative haplotypes across the CD14 gene and flanking regions were identified. The 

largest of these putative haplotypes, designated CD14 Hap-1 (Figure 3.1), is comprised of seven 

SNPs (rs142256657, rs112865855, rs1247251479, rs5744454, rs3138078, rs3138076, and 

rs5744448) in strong LD (r2>0.78; haplotype frequency, HF: 8.0%). CD14 Hap-1 appears to 

be comprised of two smaller putative haplotypes, one comprised of four SNPs (rs142256657, 

rs112865855, rs1247251479, and rs5744448) in complete LD (Hap-1a; r2=1, HF: 8%), and the 

second comprised of three SNPs (rs5744454, rs3138078, rs3138076) in complete LD (Hap-1b; 
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r2=1, HF=9.8%). Interestingly, visual inspection of the data revealed that while Hap-1a was 

always present in individuals with Hap1b, Hap-1b was found in the absence of Hap-1a. Two 

putative haplotypes, both comprised of three SNPs each, designated CD14 Hap-2 

(rs867339288, rs377235098, and rs866722455; r2=1; HF: 1.1%) and CD14 Hap-3 

(rs75652866, rs5744451, and rs6875483; r2=1; HF: 9.2%) were also identified (Figure 3.1). In 

addition, six CD14 putative haplotypes comprised of two SNPs each were identified (Table 

3.3). We termed these putative haplotypes CD14-2-SNP Hap-1 (rs2569190, and rs2569191; 

r2=0.89, HF: 31.6%), -2-SNP Hap-2 (rs2563298, and rs2569192; r2=0.93, HF: 21.3%) -2-SNP 

Hap-3 (rs73271519 and rs5744446; r2=1, HF: 9.8%), -2-SNP Hap-4 (rs137971674 and 

rs116340037; r2=1, HF: 2.3%), -2-SNP Hap-5 (rs1369331514 and rs1314258554; r2=1, HF: 

1.1%) and -2-SNP Hap-6 (rs5744456 and rs5744455; r2=1, HF: 1.7%). 
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Gene Key
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Hap-3: 9.2%
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Figure 3.1: Linkage disequilibrium (LD) plot showing linkage between variants across the CD14 

gene in the black South African population. Variants present at frequencies <1% were excluded from 

analysis. Variants not in LD with any other variants are not shown. Values inside each diamond 

represent the r2 value in %. Shading in each diamond represent the strength of linkage with black 

shading representing complete LD and shades of grey representing lower LD and white repressing 

no LD.  
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Table 3.3: CD14 2-SNP putative haplotypes pairwise LD in the black South African control population 

and 1000 Genomes Project reference populations. 

  
Variant Pair Pairwise linkage disequilibrium  

Gene 
Haplotype 

(2-SNP) Variant 1 Variant 2 SA YRI LWK EUR EAS SAS 

CD14 

Hap-1 rs2569190 rs2569191 89 90 94 100 99 100 
Hap-2 rs2563298 rs2569192 93 80 85 100 98 100 
Hap-3 rs73271519  rs5744446 100 100 100 100 - - 
Hap-4 rs137971674 rs116340037 100 100 100 - - - 
Hap-5 rs1369331514 rs1314258554 100 - - - - - 
Hap-6 rs5744456 rs5744455 100 94 39 0 - - 

 

Linkage disequilibrium patterns of the SNPs making up the CD14 putative haplotypes in the 

SA population were compared to those of the 1000 Genomes Project - data however were not 

available for the Hap-1a-associated rs1247251479 SNP. Comparison of LD for Hap-1a (in the 

absence of rs1247251479) and Hap-1b SNPs in YRI and LWK, showed similar LD to the SA 

population (Figure 3.2A and 3.2B). In Asian populations (EAS and SAS), the SNPs comprising 

Hap-1a were absent, however all Hap-1b SNPs were present in complete LD. In the EUR 

population, while Hap-1b SNPs were present in strong LD (r2 > 0.96), only two of the Hap-1a 

SNPs (rs142256657 and rs112865855) were present and in complete LD – interestingly, these 

SNPs did not show any LD with Hap-1a SNPs as is seen in African populations (Figure 3.2C). 

Comparison of Hap-2 was not possible since data for Hap-2 SNPs were not available in the 

1000 Genomes Project. With regards to Hap-3, SNPs were found in complete LD in LWK, and 

strong LD (r2 > 0.93) was seen in the YRI population (Figure 3.2A and 3.2B) – Hap-3-

associated SNPs were however absent in the EUR, EAS, and SAS populations. Comparison of 

the 2-SNP putative haplotypes (Table 3.3) revealed that the LD patterns for 2-SNP Hap-1 and 

2-SNP Hap-2 were similar across populations. Complete LD was present in YRI, LWK and 

EUR for 2-SNP Hap-3 and complete LD of the SNPs comprising 2-SNP Hap-4 was present in 

YRI, and LWK. Data for the SNPs comprising 2-SNP Hap-5 are not present in the 1000 

Genomes project and only YRI showed a strong LD for 2-SNP Hap-6 SNPs. 

  

 -: No variant data available on the 1000 Genomes Project., r2 given in %. SA: South Africa; YRI: Yoruba in Ibadan, Nigeria; 

LWK: Luhya from Webuye, Kenya, EUR: Europeans; EAS: East Asians and SAS: South Asians. 
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5’ flanking region 5’ flanking region

5’ flanking region

Hap-1 SNPs

Hap-3 SNPs

SA haplotypes associated SNPs

Hap-1a SNPs

Hap-1b SNPs

A. YRI B. LWK 

C. EUR 

Figure 3.2: Linkage disequilibrium plot showing linkage between CD14 variants in the (A) Yoruba in Ibadan, Nigeria (YRI, n=108), (B) Luhya from 

Webuye, Kenya (LWK, n=99), (C) Europeans (EUR, n=503), from the 1000 Genomes Project found to be in linkage disequilibrium in black South Africans. 

Values inside each diamond represent the r2 value in %. Shading in each diamond represent the strength of linkage with black shading representing complete 

LD and shades of grey representing lower LD and white repressing no LD. 
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3.3.2.2 TLR4 

A total of 16 putative haplotypes were detected across the TLR4 gene and flanking regions. 

Putative haplotypes comprised of three or more SNPs were named in order of complexity. 

Figure 3.3 shows the LD plots for putative haplotypes Hap-1 to Hap-8. The largest TLR4 

putative haplotype was comprised of 10 SNPs in strong LD (r2 > 0.7, HF: 17.2%) and 

designated as TLR4 Hap-1 (rs73655841, rs1927912, rs2737196, rs1927910, rs1413088, 

rs2770148, rs11536875, rs11536877, rs2737197, and rs11536880). Two TLR4 putative 

haplotypes were comprised of six SNPs each, namely Hap-2 (rs11536866, rs143235839, 

rs115809387, rs548662649, rs140816474 and rs1052811222; r2 > 0.8, HF: 2.7%) and Hap-3 

(rs7873784, rs11536891, rs11536896, rs11536898, rs17420985 and rs60103585; r2 > 0.7, HF: 

2.3%). In addition, three TLR4 putative haplotypes, each comprised of four SNPs each, were 

detected, namely, Hap-4 (rs2737195, rs1927913, rs1927909, and rs1927908; r2=1, HF: 1.7%), 

Hap-5 (rs5030729, rs5030644, rs5030643, and rs5030710; r2 > 0.9, HF: 25.3%) and Hap-6 

(rs1927914, rs2770146, rs2149356, and rs5030728; r2 > 0.7, HF: 14.4%). Lastly, two three-

SNP putative haplotypes were detected in TLR4, namely Hap-7 (rs10759933, rs12344353 and 

rs7864330; r2=1, HF: 19.5%) and Hap-8 (rs112999435, rs113464348 and rs200721952; r2 > 

0.7, HF: 4.6%). 

Seven of these putative haplotypes (shown in Table 3.4) were comprised of 2 variants each, 

and similar to CD14, were named numerically as TLR4-2-SNP Hap-1 (rs11536882 and 

rs12377632; r2=1, HF: 3.4%), -2-SNP Hap-2 (rs146948012 and rs11536883; r2=0.92, HF: 

7.5%), -2-SNP Hap-3 (rs11536893 and rs141831136; r2=1, HF: 1.1%),  -2-SNP Hap-4 

(rs10759932 and rs1927907, r2=0.95, HF: 14.4%), -2-SNP Hap-5 (rs11536876 and 

rs11536892; r2=0.82, HF: 2.9%), -2-SNP Hap-6 (rs11536865 and rs5030717; r2=1, HF: 8.0%) 

and -2-SNP Hap-7 (rs114102395 and rs144852071; r2=1, HF: 2.9%).   

Comparison of the LD patterns to the 1000 Genomes Project populations showed similar LD 

pattern for SNPs making up TLR4 Hap-1 in African LWK and YRI populations (Figure 3.4 and 

3.5), but not in non-African populations (Figure 3.6). Data were not available on the 1000 

Genomes Project for four of the SNPs making up Hap-2, however data for the two SNPs 

available, namely rs11536866 and rs115809387, showed they were in complete LD in YR1 

and LWK, but absent in the non-African populations. Hap-3 was conserved across populations, 

with strong LD for all SNPs across populations (Figure 3.4 and 3.5). TLR4 Hap-4, Hap-5, and 

Hap-6 were all detected in the LWK and YRI populations. In non-African populations, SNPs 
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making Hap-4 and Hap-5 were absent and although SNPs making up Hap-6 were present, the 

putative haplotype was divided into two blocks, with the rs2770146 and rs5030728 SNPs in 

complete LD, and the rs1927914 and rs2149356 SNPs in strong LD across the non-African 

populations, with no LD between the two blocks. Hap-7 was detected in all populations except 

for the EAS population, while data for SNPs making up Hap-8 were absent in the 1000 

Genomes Project populations studied. Comparisons of the TLR4 2-SNP putative haplotypes 

(Table 3.4), showed that the TLR4-2-SNP Hap-1 and -2-SNP Hap 4 were found across all 

populations with relatively strong LD (depending on the population). On the other hand, SNPs 

making up the remaining 2-SNP putative haplotypes were only present in the African YRI and 

LWK populations with varying levels of LD - strong LD for TLR4-2-SNP Hap-2 and -2-SNP 

Hap-6 SNPs, but weak LD for TLR4-2-SNP Hap-3 and -2-SNP Hap-5. It should be mentioned, 

however, that for TLR4-2-SNP Hap-3, only two SA individuals had these two SNPs, and thus 

the haplotype inference may not be accurate, whereas in the YRI and LWK populations, more 

individuals were assessed - this result would therefore need to be verified using a larger SA 

population group. Interestingly, for TLR4-2-SNP hap-7, both the SA and LWK populations 

showed complete LD for the two SNPs whereas the YRI population had very weak LD 

(r2=0.25).  

 

 

 



74 

 

rs
1

9
2

7
9

14
 

rs
1

1
5

3
6

86
6

rs
1

4
3

2
3

58
3

9 

rs
2

7
3

7
1

95
 

rs
7

3
6

5
5

84
1

rs
1

2
3

4
4

35
3

 

rs
1

9
2

7
9

12

rs
7

8
6

4
3

30

rs
2

7
3

7
1

96
 

rs
1

9
2

7
9

10
 

rs
1

4
1

3
0

88

rs
1

0
7

5
9

93
3

rs
5

4
8

6
6

26
4

9

rs
2

7
7

0
1

48
 

rs
1

1
5

3
6

87
5

 

rs
1

1
5

3
6

87
7

rs
1

9
2

7
90

9

rs
2

7
3

7
1

97

rs
1

9
2

7
9

08

rs
1

1
5

3
6

88
0

rs
2

7
7

0
1

46
 

rs
2

1
4

9
3

56

rs
5

0
3

0
7

28

rs
5

0
3

0
7

29

rs
5

0
3

0
6

44
 

rs
5

0
3

0
6

43

rs
5

0
3

0
7

10

rs
1

1
2

9
9

94
3

5

rs
1

4
0

8
1

64
7

4

rs
1

1
3

4
6

43
4

8 

rs
1

0
5

2
8

11
2

22

rs
2

0
0

7
21

95
2

rs
7

8
7

3
7

84

rs
1

1
5

3
6

89
1

rs
1

1
5

3
6

89
6

rs
1

1
5

3
6

89
8

rs
1

7
4

2
0

98
5

 

rs
6

0
1

0
3

58
5

rs
1

1
5

8
0

93
8

7 

rs
1

9
2

7
9

13
.

Hap 3: 2.3% 

Hap 6: 14.4%

Hap 4: 1.7%

.
Hap 1: 17.2% 

Hap 7: 19.5%

Hap 5: 25.3%

Hap 8: 4.6%

Hap 2: 2.7%

Haplotypes (frequency)

5’ 
flanking 
region

3’ UTR
1 2 3

Gene Key

Exons 

Intron 

Figure 3.3: Linkage disequilibrium plot showing linkage between variants across the TLR4 gene in the black South African population. Variants present at frequencies 

<1% were excluded from analysis. Variants not in LD with any other variants not shown. Values inside each diamond represent the r2 value in %. Shading in each 

diamond represent the strength of linkage with black shading representing complete LD and shades of grey representing lower LD and white repressing no LD. 
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Table 3.4: TLR4 2-SNP putative haplotypes pairwise LD in the black South African control population and 

1000 Genomes Project reference populations. 

  
Variant Pair Pairwise linkage disequilibrium  

Gene 
Haplotype 

(2-SNP) Variant 1 Variant 2 SA YRI LWK EUR EAS SAS 

TLR4 

Hap-1 rs11536882 rs12377632 100 68 69 87 82 91 
Hap-2 rs146948012  rs11536883 92 85 100 - - - 
Hap-3 rs11536893 rs141831136 100 37 54 - - - 
Hap-4 rs10759932 rs1927907 95 62 83 88 100 99 
Hap-5 rs11536876 rs11536892 82 28 39 - - - 
Hap-6 rs11536865 rs5030717 100 75 75 - - - 
Hap-7 rs114102395 rs144852071 100 25 100 - - - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 -: No variant data available on the 1000 Genomes Project., r2 given in %. SA: South Africa; YRI: Yoruba in Ibadan, Nigeria; 

LWK: Luhya from Webuye, Kenya, EUR: Europeans; EAS: East Asians and SAS: South Asians. 
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Figure 3.4:  Linkage disequilibrium plot showing linkage between TLR4 variants in the Yoruba in Ibadan, Nigeria (YRI, n=108), from the 1000 Genomes Project 

found to be in linkage disequilibrium in black South Africans. Values inside each diamond represent the r2 value in %. Shading in each diamond represent the 

strength of linkage with black shading representing complete LD and shades of grey representing lower LD and white repressing no LD. 
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Figure 3.5: Linkage disequilibrium plot showing linkage between TLR4 variants in the Luhya from Webuye, Kenya (LWK, n=99), from the 1000 Genomes 
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3.3.3 Comparisons of the representation of the CD14 and TLR4 variants and putative 

haplotypes between South African controls and HIV-1 controllers  

3.3.3.1  CD14 

Comparing the representation of all identified CD14 variants between the SA controls and 

HIV-1 controllers revealed the MAF of only one CD14 SNP (rs186291587) to be significantly 

higher in ECs compared to the SA controls (p=0.024; OR=13.3, CI: 1.3 – 131.4). According to 

Ensembl (https://www.ensembl.org/index.html), the rs186291587 SNP is a regulatory region 

variant (CTCF binding site) located in the 2 kb upstream region of the CD14 gene. 

Heterozygosity for the rs186291587 SNP was also significantly higher in ECs compared to SA 

controls (p=0.023; OR=14.3, CI: 1.4 – 108.1). No individuals were homozygous for the 

rs186291587 SNP minor allele. This SNP was absent in the in VCs and HVL LTNPs, and both 

allelic and genotypic representations of this SNP did not differ when VCs and HVL LTNPs 

were compared to the SA control group or to ECs. Representation of the CD14 putative 

haplotypes did not differ significantly between SA controls and HIV-1 controllers or HIV-1 

controller subgroups.  

3.3.3.2 TLR4 

Comparing the representation of all identified TLR4 variants between the SA controls and HIV-

1 controllers showed several variants to be significantly different between the groups (Table 

3.5). The MAF of a newly identified intronic SNP (TLR4 NI-2; Table 3.2) was significantly 

higher in HVL LTNPs compared to the SA controls (p=0.006; OR=24.71, CI: 2.46-248.51). 

Although this NI-2 SNP was only found in a single SA control individual, its presence in three 

HVL LTNP individuals verifies the authenticity of the newly identified polymorphism. A 

second intronic SNP, rs115919003 (C/T), not detected in the SA control population, was 

detected in all three HIV-1 controller groups, and MAF (3.8%) as well as heterozygosity (7,7%) 

for this variant was significantly higher in the total HIV-1 controller group (n=39) compared 

to the SA controls (MAF: p=0.029; heterozygosity: p=0.028). Although not detected in the SA 

controls, the rs115919003 SNP is found in the 1000 Genomes Project YRI and LWK 

population groups with MAFs of 1.4% and 1.5%, respectively. Minor allele frequency of a 

third intronic SNP, rs78736019, was also overrepresented in the HIV-1 controllers combined 

(p=0.038), and in HVL LTNPs (p=0.040) when compared to SA controls. A fourth intronic 

SNP, rs5030727, was also significantly overrepresented in HVL LTNPs (p=0.039; OR=3.55, 

CI: 1.13-11.18) compared to SA controls, and interestingly, this relatively prevalent SNP was 

absent in the VCs. Differences in the representation of a common (MAF: 25.9%) African 

https://www.ensembl.org/index.html
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deletion were also observed - MAF of the rs5030644 deletion was found to be overrepresented 

in ECs compared to the SA controls (p=0.037; OR=2.15, CI: 1.07-4.33). 

With respect to the coding regions SNPs, comparisons revealed that both MAF (p=0.039; 

OR=15.73, CI: 1.36-180.65) and heterozygosity (p=0.038; OR=17.2, CI: 1.43-207.08) of the 

rs11536884 SNP, were significantly overrepresented in HVL LTNPs compared to SA controls. 

The MAFs of two 3’UTR SNPs, namely, rs113017335 (p=0.006; OR=24.71, CI: 2.46-248.51) 

and rs1554973 (p=0.044; OR=0.367, CI: 0.413-0.943) were significantly higher in HVL 

LTNPs compared to SA controls. Furthermore, rs1554973 SNP minor allele homozygosity was 

overrepresented in the total HIV-1 controller group (p=0.028; OR=0.094, CI: 0.010-0.888) and 

HVL LTNPs (p=0.033; OR=0.049, CI: 0.004-0.625) compared to SA controls. Lastly, 

heterozygosity for two additional 3’UTR SNPs, rs11536898 (p=0.040; OR=0.39, CI: 0.163-

0.934) and rs60103585 (p=0.039; OR=0.055, CI: 0.189-1.617) showed an underrepresentation 

in HIV-1 controllers compared to the SA control population.  

Although the representation of the TLR4 putative haplotypes did not differ significantly 

between the SA controls and HIV-1 controllers, or between the HIV-1 controller subgroups, 

when looking at the HIV-1 controller data, the TLR4 NI-2 intronic and 3’ UTR rs113017335 

SNPs, both showing significant overrepresentation in HVL LTNPs are in complete LD (r2=1), 

and thus represent an additional 2-SNP putative haplotype in TLR4, which was not detected in 

the SA control population due to only a single individual having these variants (i.e. analysis 

using the combined SA control and HIV-1 controller groups revealed the LD between these 

variants). 
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Allelic comparisons

Minor allele frequency HICs vs SA controls ECs vs SA controls VC vs SA controls HV LTNPs vs SA controls

Variant
Minor 
allele

SAs HICs ECs VCs HVL LTNPs OR CI P OR CI P OR CI P OR CI P

NI-2 (9:117706032) G 1(0.6) 3(3.8) 0 0 3(12.5) 6.92 0.708-67.61 0.089 0 0-NaN 1 0 0-NaN 1 24.71 2.46-248.51 0.006

rs115919003 T 0 3(3.8) 1(2.4) 1(8.3) 1(4.2) ∞ NaN-∞ 0.029 ∞ NaN-∞ 0.194 ∞ NaN-∞ 0.065 ∞ NaN-∞ 0.121

rs78736019 G 4(2.3) 7(9.0) 3(7.1) 1(8.3) 3(12.5) 4.19 1.19-14.76 0.038 3.27 0.703-15.20 0.135 3.86 0.40-37.57 0.286 6.07 1.27-29.01 0.04

rs5030727 T 12(6.9) 8(10.3) 3(7.1) 0 5(20.8) 1.54 0.604-3.940 0.45 1.04 0.279-3.859 1 0 0-NaN 1 3.55 1.13-11.18 0.039

rs5030644 C 45(25.9) 26(33.3) 18(42.9) 2(16.7) 6(25.0) 1.43 0.802-2.561 0.203 2.15 1.07-4.33 0.037 0.573 0.121-2.717 0.733 0.956 0.357-2.57 1

rs11536884 T 1(0.6) 3(3.8) 1(2.4) 0 2(8.8) 6.92 0.708-67.61 0.089 4.22 0.258-68.88 0.352 0 0-NaN 1 15.73 1.36-180.65 0.039

rs113017335 T 1(0.6) 3(3.8) 0 0 3(12.5) 6.92 0.708-67.61 0.089 0 0-NaN 1 0 0-NaN 1 24.71 2.46-248.51 0.006

rs1554973 T 27(15.5) 20 (25.6) 10(23.8) 2(16.7) 8(33.3) 0.533 0.277-1.024 0.079 0.588 0.259-1.335 0.252 0.918 0.191-4.426 1 0.367 0.413-0.943 0.044

Heterozygous genotype comparisons 

Genotype  frequency HICs vs SA controls ECs vs SA controls VC vs SA controls HV LTNPs vs HCs

Variant
Genotype

SAs HICs ECs VCs HVL LTNPs OR CI P OR CI P OR CI P OR CI P

rs115919003 CT 0 3(7.7) 1(4.8) 1(16.7) 1(8.3) ∞ NaN-∞ 0.028 ∞ NaN-∞ 0.194 ∞ NaN-∞ 0.065 ∞ NaN-∞ 0.121

rs11536884 GT 1(1.1) 3(7.7) 1(4.8) 0 2(16.7) 7.17 0.721-71.23 0.089 4.3 0.258-71.726 0.353 0 0-NaN 1 17.2 1.429-207.08 0.038

rs11536898 CA 39(44.8) 9(23.1) 6(28.6) 1(16.7) 2(16.7) 0.39 0.163-0.934 0.04 0.564 0.193-1.646 0.433 0.226 0.025-2.016 0.217 0.251 0.051-1.232 0.106

rs60103585 GA 38(43.7) 9(23.1) 6(28.6) 1(16.7) 2(16.7) 0.38 0.159-0.919 0.039 0.055 0.189-1.617 0.307 0.221 0.025-1.978 0.215 0.246 0.050-1.209 0.104

Homozygous mutant genotype comparisons 

Genotype  frequency HICs vs SA controls ECs vs SA controls VC vs SA controls HV LTNPs vs HCs

Variant
genotype

SAs HICs ECs VCs HVL LTNPs OR CI P OR CI P OR CI P OR CI P

rs1554973 TT 1(1.1) 4(10.3) 2(9.5) 0 2(16.7) 0.094 0.010-0.888 0.028 0.107 0.009-1.265 0.095 ∞ NaN-∞ 1 0.049 0.004-0.625 0.033

Table 3.5: Comparison of allelic and genotypic frequencies of TLR4 variants between South African controls and HIV-1 controllers.  

SAs: South African (SA) controls (n=87), ECs: elite controllers (n=21), VCs: Viraemic controllers (n=6), HVL LTNPs: high viral load long-term non-progressors (n=12). NI-

newly identified. Variant IDs highlighted in the same colour represent variants showing linkage disequilibrium. Significantly different p values between respective groups being 

compared are indicated by red font. 
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3.4 Discussion  

The essential role of CD14 and TLR4 in the activation of innate immune responses by LPS is 

indisputable (Lu et al., 2008). Regulatory and functional polymorphisms in the genes encoding 

these molecules have been reported to associate with the risk and severity of various diseases 

(Hubacek et al., 1999, Laine et al., 2005, Rosas-Taraco et al., 2007, Noreen et al., 2012, Wu et 

al., 2017, Vidyant et al., 2019). In African populations, studies documenting the variation in 

the CD14 and TLR4 genes are scarce.  

In this study, we have characterised the variation (SNPs and indels) and putative haplotypes of 

CD14 and TLR4 in the black South African population. Findings showed that although both 

allelic representation and putative haplotype structure in the South African population closely 

resembles that of the African-based populations (using the Yoruba and Luhya populations as 

representative west and east African populations, respectively), there are several distinct 

differences. A study that conducted full-exon sequencing of four TLR pathway genes (TLR2, 

TLR4, TLR6, and Toll-interleukin-1 Receptor (TIR) domain-containing adaptor protein - 

TIRAP) on individuals from Uganda and South Africa (mixed race, n=33; black, n=8, and 

white, n=7) found the Ugandan and the mixed race South African populations to be similar to 

the Africans (Maasai in Kinyawa, Kenya, African ancestry in Southwest USA, LWK and YRI) 

in the 1000 Genomes Project (Baker et al., 2012). Results are also consistent with findings 

from previous studies in our laboratory, which found that representation of select genetic 

variants in RICH-2, BST-2, and IL-8, in black South African populations, closely mirror those 

of the African Yoruba and Luhya populations (Picton et al., 2017, Dias et al., 2020, Paximadis 

et al., 2021). As expected, the South African black population showed significant differences 

in the CD14 and TLR4 genes when compared to the European and Asian populations, again 

reinforcing that data from studies conducted in these populations should not be extrapolated to 

South African black populations. 

This study has also resulted in the description on some putative novel variants in these two 

genes - a newly identified CD14 variant and eight newly identified TLR4 variants. It is to be 

expected that newly identified variants will be present in low frequency, and these were all 

detected in single individuals (MAF: 0.6%). For newly identified variants that were not 

detected in the HIV-1 controller cohort, verification of these variants will be needed, either by 

genotyping larger cohorts, or by using alternative methods (for example Sanger sequencing) 

for genotyping the same individuals. In addition, using RegulomeDb, we have identified 5’ and 

3’ flanking region variants which are ranked in category 1, suggesting that there are located in 
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regions of functional significance and are likely to affect expression of these molecules (Dong 

et al., 2022). With respect to CD14 variants, four of the RegulomeDb rank 1 variants identified, 

comprised of three SNPs (rs112865855, rs5744448 and rs12108825) and one indel 

(rs142256657) were restricted to the African populations. These variants might therefore be 

involved in gene regulation in African populations and may in part be responsible for the lower 

expression levels of sCD14 in black compared to white individuals (Reiner et al., 2013, De 

Voeght et al., 2016, Olson et al., 2020). In the TLR4 gene, all identified RegulomeDb category 

1 variants found in the 5’ and 3’ flanking regions were common variants across populations 

studied, except for the rs11536897 SNP, which was rare in the SAS population. However, the 

MAFs of the RegulomeDb category 1 variants in the SA population were either significantly 

higher or lower compared to non-Africans, suggesting that these variants could still have 

differential effects on gene regulation in the SA population.  

For both CD14 and TLR4 putative haplotypes, not unexpectedly, the LD patterns in the SA 

population more closely resembles those of the YRI and LWK populations compared to the 

non-African populations (EUR, EAS, and SAS). However, a TLR4 3’ flanking region putative 

haplotype (TLR4 Hap-3), comprised of six RegulomeDb category 1 variants (1b - rs11536898; 

1f - rs7873784, rs11536891, rs11536896, rs17420985 and rs60103585) was found to be 

conserved across all populations studied, possibly indicating a functionally important 

haplotype. Data on CD14 haplotype structure are scarce in the literature. A TLR4 haplotype 

involving the rs4986790 (Asp299Gly) and rs4986791 (Thr399Ile) SNPs has however been 

extensively studied - these two TLR4 SNPs are in strong LD in Caucasian but not in African 

populations (Arbour et al., 2000, Newport et al., 2004). In this study, only the rs4986790 SNP 

is present in the black SA population, with a MAF of 2.9%, which is not significantly different 

from the EUR population, but significantly lower when compared to the LWK and SAS 

populations. This is in agreement with findings from a study conducted on black South African 

children (n=405), which found the rs4986790 SNP in low frequency (4.4%) with the rs4986791 

SNP detected in at a MAF of <0.5% (Kresfelder et al., 2011). In contrast, Baker et al. (2012) 

failed to detect both the rs4986790 and rs4986791 SNPs in a cohort of South Africans with 

black (n=8), white (n=7), and mixed race (n=33) individuals, but this may be due to the small 

sample numbers in this study. 

HIV-1 controllers are a subset of PLWH that can naturally control the HIV-1 infection in the 

absence of ART. They are comprised of elite controllers (ECs) who naturally suppress the HIV-

1 viral load (VL) to < 50 RNA copies/ml, viraemic controllers (VCs), who suppress the VL to 
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< 2000 RNA copies/ml, and high viral load long term non-progressors (HVL LTNPs) who can 

maintain CD4+ T cell counts > 500 cells/µl despite high VL (VL > 10 000 RNA copies/ml) 

(Gurdasani et al., 2014). The HVL LTNPs are a rare phenotype, similar to simian 

immunodeficiency virus (SIV)-infected sooty mangabeys who do not progress to AIDS despite 

high levels of viral replication (Silvestri et al., 2003, Rotger et al., 2011). HIV-1 controllers 

have been shown to have lower levels of immune activation and inflammation compared to 

progressors (Choudhary et al., 2007). Given that CD14 and TLR4 play major roles in immune 

activation and inflammation, we have also investigated the potential association of CD14 and 

TLR4 polymorphisms with HIV-1 control in a cohort of HIV-1 controllers from the black South 

African population.  

A common CD14 polymorphism (rs2569190), located in the promotor region of the gene, has 

been shown to increase CD14 expression. This polymorphism enhances the transcriptional 

activity of the CD14 gene by decreasing the binding affinity of the GC box for the Sp3 

transcription factor (LeVan et al., 2001), a transcription factor known for inhibiting promotor 

activity in various genes. The rs2569190 SNP has been associated with the risk and severity of 

various diseases (Hubacek et al., 1999, Unkelbach et al., 1999, Shimada et al., 2000, Laine et 

al., 2005, Rosas-Taraco et al., 2007, Wu et al., 2017).  In the current study, the rs2569190 SNP 

was also a prevalent variant in the SA population (MAF: 33.3%) and in LD (r2=0.9) with 

another SNP located in the 5’ flanking region (rs2569191). Interestingly, this 2-SNP putative 

haplotype was found in all populations we assessed from the 1000 Genomes Project. The 

present study, however, found no differences in representation of the rs2569190 SNP between 

the SA controls and HIV-1 controllers, or the HIV-1 controller subgroups. Therefore, this 

variant either does not associate with HIV-1 control in this population group, or the study is 

underpowered to detect the association.   

An overrepresentation of both MAF (7.1%) and heterozygosity (14.1%) of the CD14 

rs186291587 SNP was found in elite controllers compared to SA controls (0.6% and 1.1%, 

respectively). The rs186291587 SNP is a rare variant, absent in the LWK, EUR and EAS 

populations, and found in relatively low frequencies in the YRI (0.5%) and SAS (0.1%) 

populations. Rare variants are defined as variants with a MAF less than 1%, and these variants 

are predicted to have larger phenotypic effects than those of common variants (MAF>5%) 

(Chattopadhyay and Lu, 2020). To the best of our knowledge, no previous studies have found 

disease-related associations for the rs186291587 SNP or associations with CD14 expression 

levels (cell surface or soluble). The rs186291587 SNP is located in a CTCF binding site. CTCF 
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is a versatile zinc-finger transcription factor that can act as either a transcription activator or 

repressor when bound close to gene promotors (Lobanenkov et al., 1990, Burton et al., 2002), 

and functions as an enhancer blocker (Bell et al., 1999). Given the important functions of the 

CTCF binding site, variants affecting this site could potentially affect gene expression. Overall, 

results suggest differential regulation of the CD14 gene in elite controllers compared to 

controls. Further studies would need to be conducted to elucidate the role of this SNP, its effect 

on CD14, and its potential role in HIV-1 control.  

The association of two nonsynonymous TLR4 SNPs (Asp299Gly, rs4986790; and Thr399Ile, 

rs4986791) with a range of infectious and non-infectious diseases, including HIV-1, has been 

well documented (Noreen et al., 2012, Vidyant et al., 2019). Several studies have shown that 

the rs4986790 SNP, rather than the rs4986791 SNP, is responsible for the structural changes 

in the TLR4 extracellular domain, resulting in reduced LPS signalling (Arbour et al., 2000, 

Ohto et al., 2012, Long et al., 2014). These TLR4 polymorphisms have been associated with 

susceptibility to acquiring HIV-1 infection in Indians (Vidyant et al., 2019), high viral loads 

(Pine et al., 2009), late CD4+ T-cell recovery after ART (Yong et al., 2016), and an increased 

risk of serious illnesses in PLWH (Papadopoulos et al., 2010). No studies have investigated the 

representation of TLR4 polymorphisms in HIV-1 controllers. In this study, we did not find 

differences in the representation of the rs4986790 SNP between HIV-1 controllers and SA 

controls. Again, as mentioned above for CD14, the failure to see differences in the 

representation of the rs4986790 SNP in this study could be related to differences in ethnicities 

between the studies or an underpowered study. The TLR4 3’UTR SNP, rs11536889, which has 

been shown to affect TLR4 expression levels on monocytes, and to associate with a range of 

diseases (Sato et al., 2012), is absent in our black South African population – both SA controls 

and HIV-1 controllers.  

While no differences in representation of the extensively studied TLR4 variants were found 

among the HIV-1 controllers relative to controls, several other TLR4 variants (SNPs and indels) 

were significantly overrepresented in HIV-1 controllers, and interestingly, these were 

predominantly located in intronic sequences. The bulk of the DNA sequences in human genes 

are made up of introns (Rigau et al., 2019). Introns play an important role in the regulation of 

gene expression, alternative splicing, and mRNA export (Sorek and Ast, 2003, Valencia et al., 

2008, Beaulieu et al., 2011, Rigau et al., 2019). Variants in the intronic regions can affect gene 

expression and studies have reported associations between intronic variants and diseases 

(Rigau et al., 2019, Nair et al., 2021). Although some intronic SNPs may not have functional 
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consequences, they may be in LD with variants of functional significance. Several TLR4 SNPs, 

including two intronic SNPs (a newly identified SNP and rs5030727) were exclusively 

overrepresented in HVL LTNPs when compared to SA controls. The rs5030727 SNP is a 

common intronic variant across the African populations (LWK and YRI), rare in the EUR 

population and absent in both Asian populations. The newly identified SNP (TLR4 NI-2) was 

also significantly higher in HVL LTNPs compared to elite controllers, and in complete LD 

with the rs113017335 SNP located in the 3’ UTR (discussed below). Another intronic SNP, 

rs78736019, also showed MAF overrepresentation in both the HVL LTNPs and in the total 

controller group compared to the SA controls, and yet another intronic SNP, rs115919003, was 

not detected in the SA controls, and showed MAF overrepresentation in the total controller 

group compared to the SA controls. In elite controllers, there was an overrepresentation of a 

common intronic deletion, rs5030644, compared to the SA controls. To the best of our 

knowledge, no other studies have reported disease associations with these intronic TLR4 

variants and thus these results should be regarded as tentative associations that should be 

explored in larger cohorts. 

There was only one TLR4 coding region SNP (rs11536884 SNP), which was significantly 

overrepresented in HVL LTNPs compared to the controls. This SNP is a rare nonsynonymous 

variant that results in a leucine to phenylalanine substitution at position 385, a substitution of 

a non-polar amino acid to an aromatic amino acid. Given that this variant is predicted to be 

deleterious by predictive software, and thus could potentially alter the function of TLR4, 

further exploration of this variant is warranted.  

The 3’ UTR is a non-coding region that contains cis-elements and plays a key role in gene 

transcription through its role in localization, stability, and translation of messenger 

RNAs (Mayr, 2017, Mayr, 2019), and thus consequently, variants in the 3’UTR have potential 

effects on the regulation of gene expression. A rare TLR4 3’ UTR SNP (rs113017335) was 

exclusively overrepresented in HVL LTNPs compared to controls. The rs113017335 SNP was 

absent in elite controllers, and the representation of this SNP was also significantly higher in 

HVL LTNPs compared to elite controllers. As mentioned above, this 3’ UTR SNP is in 

complete LD with the intronic TLR4 NI-2 and exhibits identical associations, and thus it 

remains to be determined which of the two variants in this 2-SNP putative haplotype are 

responsible for the associations seen. The miRNASNP-v3 database  

(http://bioinfo.life.hust.edu.cn/miRNASNP/#!/) (Liu et al., 2021) predicts that the 

http://bioinfo.life.hust.edu.cn/miRNASNP/#!/
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rs113017335 SNP results in a gain of binding sites of two microRNAs (miRNA, hsa-miR-

1252-5p and hsa-miR-541-5p) and loss of binding sites for 4 miRNAs (hsa-miR-6755-5p, hsa-

miR-7515, hsa-miR-3179 and  hsa-miR-6841-5p). The effect of the loss or gain of these 

miRNA binding sites on the TLR4 expression have not been experimentally determined.  

Another prevalent TLR4 3’ UTR SNP, rs1554973, also showed higher MAF in HVL LTNPs 

compared to controls, and homozygosity the SNP was overrepresented in both the HVL LTNPs 

and the total controller group. This variant has RegulomeDb rank of 1f, suggesting that it likely 

to be located in a functional region and associates with lower TLR4 expression in the 

muscularis layer of the esophagus according to the GTEx project (https://gtexportal.org). In 

addition, two other 3’UTR SNPs (rs11536898 and rs60103585 heterozygosity) were 

underrepresented in the total group of our HIV-1 controllers compared to SA controls. The 

rs11536898 and rs60103585 SNPs are in LD in both SA controls (r2=0.86) and HIV-1 

controllers (r2=1) and form part of the TLR4 Hap-3 (together with four other variants). There 

are slight differences in the LD pattern for the TLR4 Hap-3 in the SA controls and HIV-1 

controllers, which results in only the two SNPs mentioned above resulting in a significant 

representation difference between the groups. It is interesting to note, however, that the 

representation of the TLR4 hap-3 and/or any other CD14 or TLR4 putative haplotypes, did not 

differ significantly between the SA controls and the HIV-1 controllers or between the HIV-1 

controller subgroups. As previously mentioned, five of the SNPs making up TLR4 Hap-3 had 

a RegulomeDb rank of 1f, and the rs11536898 SNP has a rank of 1b, suggesting that these 

variants are in a functional region and these variants associate with higher TLR4 expression 

levels in various tissues according to the GTEx project. The underrepresentation of these 

variants in HVL LTNPs could result in lower levels of TLR4 in this group. Higher TLR4 

expression levels have been associated with AIDS (Lester et al., 2008).  

Apparent from the results is that most of the associations seen with respect to TLR4 variants in 

the HIV-1 controllers were seen in the HVL LTNP group. Although ideally findings need to 

be verified in bigger cohorts, it would be nearly impossible to do so, as our cohort of HVL 

LTNPs is, to the best of our knowledge, among the larger cohorts (n=12) of these rare 

individuals, and certainly the only cohort of black HVL LTNPs that we are aware of. The 

current HIV-1 test and treat guidelines make it highly unlikely that individuals with this 

phenotype would be detected; the same applies to any prospective recruitment of elite and 

viraemic controllers. A potential role of TLR4 in non-progression to AIDS in sooty mangabeys 

has been reported (Palesch et al., 2018). A study investigating candidate genes that affect 

https://gtexportal.org/
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susceptibility to AIDS in sooty mangabey and species that progress to AIDS (i.e., macaques 

and humans), found a TLR4 frameshift mutation in sooty mangabeys (Palesch et al., 2018). 

The authors suggested that the frameshift mutation, which results in reduced TLR4 responses 

to LPS in vitro, could be a factor contributing to the lower immune activation seen in SIV-

infected sooty mangabeys (Palesch et al., 2018). Given that HVL LTNPs are a phenotype 

similar to the SIV-infected sooty mangabey model, it can be speculated that regulatory and/or 

functional TLR4 variants can potentially affect TLR4 activation following microbial 

translocation, which consequentially results in reduced immune activation, which has been 

reported in HVL LTNPs (Rotger et al., 2011).  

It should be noted that no differences in either CD14 or TLR4 variants were found in viraemic 

controllers, this may be due to the small sample size (n=6), however, it may also be related to 

different mechanisms of control that are at play. Limitations to this study include low sample 

numbers in the HIV-1 controller subgroups, these small sample sizes are not a true 

representation of the bigger population, therefore the frequencies of SNPs observed, 

particularly rare SNPs could be inaccurate. Nonetheless, these results form a strong basis for 

future studies. There was no WGS conducted for individuals who were non-controllers 

(progressive HIV-1 infection), therefore any shifts in representation of variants in this group 

relative to controls or HIV-1 controllers are not accounted for. Therefore, some important 

variants associated with HIV-1 control may be missed. Additionally, we did not correct for 

multiple comparisons due to the exploratory nature of this study. Lastly, it should be mentioned 

that reliable detection of indels using next-generation sequencing can be problematic and given 

that the SA controls and HIV-1 controller groups were sequenced at two different institutes, 

the frequencies of the indels observed in both groups would need to be verified.  

In summary, the characterisation of genetic variation in the CD14 and TLR4 genes was 

undertaken in the black South African population, contributing to the understanding of genetic 

diversity in African populations. The enrichment of a CD14 SNP in elite controllers and the 

higher representation of several TLR4 variants in HVL LTNPs and elite controllers was 

noteworthy. Our results suggest a possible role of CD14 and TLR4 SNPs in HIV-1 control. 

However, these findings need to be verified in bigger cohorts that also include individuals with 

progressive HIV-1 infection.  
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CHAPTER 4                                                                               

Variation in the genes for LPS binding proteins, LBP and MD-2, 

in the black South African population: comparison with other 

populations and prevalence in HIV-1 controllers 
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4.1  Introduction  

Lipopolysaccharide (LPS) binding protein (LBP) and myeloid differentiation factor 2 (MD-2) 

are accessory molecules required for LPS recognition and signalling (Lu et al., 2008). LBP is 

a soluble protein synthesised by hepatocytes and binds to the lipid A moiety of LPS to initiate 

the innate immune responses (Tobias et al., 1989, Wright et al., 1990). LBP has been shown to 

have both pro and anti-inflammatory effects on immune responses to LPS, depending on the 

circulating levels of the molecule (Gegner et al., 1995). At normal or low concentrations, LBP 

catalytically transfers LPS to CD14 for TLR4 signalling, but at high concentrations, LBP can 

inhibit LPS immune responses by clearing the LPS or LPS/CD14 complexes without the 

activation of the TLR4 receptor (Zweigner et al., 2001). MD-2 is a secreted glycoprotein which 

is found in association with TLR4 on cell surfaces, forming a TLR4-MD-2 complex (Visintin 

et al., 2001, Nagai et al., 2002). The binding of LPS to the MD-2 on the TLR4-MD-2 complex 

initiates the downstream signal transduction which results in the production of cytokines (Park 

et al., 2009).  

LBP is encoded by the LBP gene located on chromosome 20 (20q11.2) (Gray et al., 1993). The 

LBP gene is approximately 28.5 kb in length and has 14 exons (Hubacek et al., 1997). Various 

single nucleotide polymorphisms (SNPs) in the LBP gene have been associated with LBP 

expression levels, functionality, as well as a range of diseases. An LBP coding region SNP, 

rs2232613 (+988C>T), which introduces a proteinase cleavage site resulting in a mutant 

protein that has reduced LPS and lipopeptide binding capabilities, has been reported to 

associate with reduced cytokine production after LPS stimulation and higher pneumonia and 

sepsis mortality rate (Eckert et al., 2013). Another nonsynonymous LBP SNP (rs2232618) 

which results in a phenylalanine to leucine substitution, has been suggested to cause spatial 

conformational changes to the active centre of the C–terminal domain of LBP (Zeng et al., 

2012a). This variant has been associated with the risk of sepsis and multiple organ dysfunction 

after trauma (Zeng et al., 2012a, Lu et al., 2018). An LBP promotor region SNP (rs2232571) 

located in a transcription factor binding site (CAAT box) has been found to be associated with 

higher LBP plasma levels (Chien et al., 2008). This promoter SNP has been shown to be in 

linkage disequilibrium (LD) with other promotor SNPs (rs1780616, rs5741812, rs1780617, 

rs2232575, and rs2232578) as well as a synonymous SNP (rs2232582) located in exon 2 (Chien 

et al., 2008, Flores et al., 2009) - these SNPs have been associated with gram-negative 

bacteraemia and the risk of severe sepsis (Chien et al., 2008, Flores et al., 2009) .   
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MD-2 is encoded by the LY96 gene located on chromosome 8 (8q21.11) (Gray et al., 2010). 

The LY96 gene is approximately 38 kb in size and is comprised of five exons (Gray et al., 

2010). A promotor LY96 SNP (rs11465996, −1625C>G) has been shown to result in increased 

expression of LY96 mRNA and TNF-α in whole blood upon LPS stimulation (Gu et al., 2007), 

and heterozygosity for this variant has been reported to associate with the reduced risk of 

ulcerative colitis (Bank et al., 2014). Two LY96 gene promotor SNPs which are in LD 

(rs1809441 and rs1809442 ) have been associated with higher MD-2 mRNA expression levels 

(Liao et al., 2015b). In addition, a rare LY96 nonsynonymous SNP (+103 Thr35Ala) has been 

reported to result in reduced NF-κβ-activation and TNF-α production upon LPS stimulation 

(Hamann et al., 2004). Another MD-2 nonsynonymous SNP, rs6472812 (glycine to arginine at 

position 56) has been shown to result in reduced LPS responsiveness (Vasl et al., 2008).  

Although variants in both the LBP and LY96 genes have been shown to affect LPS 

responsiveness, little is known about these genes in African populations. We thus undertook 

this study to describe the genetic variation and LD patterns in the LBP and LY96 genes in black 

South African control individuals, using data available from select 1000 Genomes Project 

populations for comparative purposes (Auton et al., 2015). We also compared the 

representation of the LBP and LY96 variants in black South African individuals who can control 

their HIV-1 infection without antiretroviral treatment (HIV-1 controllers), to the South African 

control individuals. 

 

4.2 Methods and materials  

4.2.1 Study participants 

Refer to Chapter 3, section 3.2.1 for details. Briefly, whole genome sequencing (WGS) data 

for 87 black South African (SA) individuals (controls; absence of HIV-1 infection) was used 

for the characterisation of the LBP and LY96 genetic variation and linkage disequilibrium 

analysis, and WGS data for 39 black South African HIV-1 controllers was used for comparison 

to the black SA controls.  

4.2.2 Whole genome sequencing  

Refer to Chapter 3, section 3.2.2 for details. Briefly, WGS of the 87 black South African 

controls was conducted by the Broad Institute Genomic Services (Massachusetts Institute of 

Technology, Cambridge, Massachusetts, USA) and WGS data for the 39 HIV-1 controllers was 

also generated commercially by Edinburgh Genomics (Edinburgh, Scotland).  
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4.2.3 Linkage disequilibrium analysis and Hardy-Weinberg equilibrium 

Refer to Chapter 3, section 3.2.3 for details. Briefly, the Haploview software version 4.2 was 

used to calculate linkage disequilibrium (LD) between pairs of SNPs and deviation from 

Hardy-Weinberg equilibrium for the LBP and LY96 genes. For this chapter variants present at 

minor allele frequency < 5% were excluded.  

4.2.4 Data analysis  

Refer to Chapter 3, section 3.2.4 for details. Briefly, Fisher’s exact test was performed using 

an in-house developed and validated data analysis pipeline (Reveley et al, unpublished) to 

compare the allelic and genotypic representation of LBP and LY96 variants between the SA 

population and the 1000 Genomes Project reference populations and the HIV-1 controller 

cohort. The Variant Effect Predictor (VEP) tool was used predict the consequences of 

nonsynonymous SNPs and RegulomeDB was used to predict the function effects of non-coding 

variants.  

 

4.3  Results  

4.3.1 Genetic characterisation of the LBP and LY96 genes 

4.3.1.1 Single nucleotide polymorphisms and indels in the LBP gene 

Four hundred and five variants (SNPs and indels) were identified across the LBP gene and the 

flanking regions. Due to the large size of this gene, we have listed the variants in two tables; 

the distribution and comparison of the minor allele frequency (MAF) of the 5’ and 3’ flanking 

regions and coding regions to select populations (YRI, LWK, EUR, EAS, and SAS) from the 

1000 Genomes Project are shown in Table 4.1, and similarly intronic variants are listed and 

compared in Supplementary Table 1. One hundred and nine of the identified variants were 

present in single individuals with MAF of 0.6%. 

We identified 20 SNPs in the coding regions (exons) of the LBP gene (Table 4.1). Seven of 

the SNPs were synonymous variants, 12 were nonsynonymous variants and one was a newly 

identified nonsynonymous SNP (LBP NI-3). Data for two synonymous variants, namely 

rs111616591 (Leu39=) and rs112681398 (Leu47=), were not present in the 1000 Genomes 

Project. Three synonymous SNPs (rs1739654, rs2232582, rs2232596) were common across 

the 1000 Genomes Project populations. Representation (MAF) of the rs1739654 (Leu48=) and 

rs2232582 (Pro97=) synonymous SNPs was significantly higher in SA population compared 

to LWK, EUR, EAS, and SAS populations, while the representation of the rs2232596 
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(Ser204=) synonymous SNP was only higher compared to the EUR and EAS populations. The 

rs34144735 (Thr153=) and rs2232620 (Ala445=) synonymous SNPs were found in low 

frequencies and exclusively in African populations. The newly identified SNP located in exon 

11 is a nonsynonymous SNP resulting in a substitution of phenylalanine with valine at position 

393 (Phe393Val), predicted to be ‘tolerated’ and ‘benign’ using SIFT and PolyPhen-2, 

respectively - this polymorphism was however only found in a single individual and thus 

requires verification. Four nonsynonymous SNPs, rs372496254 (Arg119His), rs146507643 

(Glu167Asp), rs143256886 (Val325Ile), and rs142356536 (Lys454Asn), were also rare and 

found in single individuals in the SA population and absent or rare in other 1000 Genomes 

Project populations. Using SIFT and Polyphen-2, only the rs372496254 (Arg119His) SNP was 

predicted to be ‘deleterious’ and ‘possibly damaging’, respectively, while the other three SNPs, 

(rs146507643, rs143256886 and rs142356536) were predicted to be ‘tolerated’ and ‘benign’, 

respectively. Another three nonsynonymous SNPs, rs2232615 (Ile364Thr), rs2232586 

(Ser157Cys) and rs142724815 (Lys439Thr), were found exclusively in African populations. 

The rs2232615 SNP was predicted to be ‘deleterious’ and ‘benign’, and the rs2232586 SNP 

was predicted to be ‘deleterious’ and ‘probably damaging’, by SIFT and Polyphen-2, 

respectively. The rs142724815 SNP however was predicted to be ‘tolerated’ and ‘benign’ by 

SIFT and Polyphen-2, respectively. Lastly, five nonsynonymous SNPs identified, namely 

rs2232580 (Pro9Leu), rs5744204 (Val166Met), rs2232613 (Pro333Leu), rs2232618 

(Phe436Leu) and rs2232619 (Ala445Thr), were found across the 1000 Genomes Project 

populations. The rs5744204 and rs2232613 SNPs were predicted to be ‘deleterious’ and 

‘probably damaging’, while the rs2232580, rs2232618, and rs2232619 were predicted to be 

‘tolerated’ and ‘benign’ by SIFT and Polyphen-2, respectively.  

Most of the variants detected in the LBP gene (335 of 405, Supplementary Table 1) were 

located in the intronic regions of the gene, with four newly identified SNPs present in single 

individuals (MAF of 0.6%) - these newly identified SNPs would thus require verification using 

alternative methods. Twenty-six indels (10 insertions and 16 deletions), were identified in the 

introns of the LBP gene. Comparisons of the MAFs of the intronic variants to select populations 

from the 1000 Genomes Project, showed high similarity between the SA population and the 

African YRI and LWK populations, and pronounced differences compared to the non-African 

EUR, EAS and SAS populations.  

We identified 23 SNPs and one indel in the 5’flanking region of the LBP gene (Table 4.1). The 

identified indel (rs994320874) was an insertion present in a single individual and data for this 
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indel were not present in the 1000 Genomes Project populations. Six of the 5’ flanking region 

SNPs identified were present in single individuals and data for one on these SNPs (rs6025023) 

were not present in the 1000 Genomes Project populations. Comparisons of the MAFs of the 

5’ flanking region SNPs between the SA population and 1000 Genomes Project populations 

revealed similarities to the African YRI and LWK populations and extensive differences to the 

non-African populations, as was seen with the intronic variants. In the 3’ flanking region of the 

LBP gene, 21 SNPs and five indels were detected. The indels were comprised of three 

insertions (rs1357622257, rs35214332 and rs2083977646) and two deletions (rs1489855389, 

and rs2083978958). No data were available on the 1000 Genomes Project for all five indels, 

and only two of these indels were rare (present in single individuals) – this may point to 

difficulty with indel identification using next generation sequencing (NGS), and possibly to 

using different NGS platforms. Five of the 21 SNPs in 3’ flanking region SNPs were found in 

single individuals, and data for four of these SNPs were not available for the 1000 Genomes 

Project populations. What is interesting is that comparison of MAFs of the SA population 3’ 

flanking regions SNPs showed that, for most of the SNPs where data are available, the SA 

population is similar to the African LWK population and significantly different to African YRI 

population as well as to the non-African populations.  

Using the RegulomeDB database to predict the effect of the LBP 5’ and 3’ flanking region 

SNPs and indels on LBP gene regulation, we found two 5’ flanking region SNPs, namely 

rs2232575 and rs1780617, to have RegulomeDB ranks of 1a and 1b, respectively, and ten 5’ 

flanking region SNPs (rs5741811, rs6014785, rs5741812, rs2232571, rs2232572, rs2232573, 

rs2232577, rs2232578, and rs2232579) to have a rank of 1f. While most of these SNPs were 

present across the 1000 Genomes Project populations, the rs6014785, rs2232577 and 

rs2232577 SNPs were largely restricted to African populations. In the 3’ flanking region, we 

found two insertions with RegulomeDb ranks of 1b (rs1357622257) and 1f (rs35214332). Data 

for these two indels were not available in the 1000 Genomes Project.  
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Location
on gene

Position
(Chr:20)

Accession
number

Base change
(wt/mut)

n (allele frequency, %)

SA
(N=87)

YRI 
(N=108)

LWK 
(N=99)

EUR 
(N=503)

EAS
(N=504)

SAS
(N=489)

5'
flanking 
region

38344442 rs5744197 G/T 10 (5.7) 0 0 0 0 0
38344492 rs111768929 C/T 8 (4.6) - - - - -
38344539 rs1780616 C/T 72 (41.4) 83 (38.4) 68 (34.3) 361 (35.9) 449 (44.5) 328 (33.5)
38344739 rs111403915 C/G 8 (4.6) - - - - -
38344907 rs6025023 G/A 1 (0.6) - - - - -
38344969 rs189030573 C/T 1 (0.6) 0 1 (0.5) 0 1 (0.1) 0
38345068 rs5744198 C/T 5 (2.9) 10 (4.6) 3 (1.5) 1 (0.1) 0 0
38345281 rs5741811 T/A 4 (2.3) 7 (3.2) 8 (4.0) 79 (7.9) 113 (11.2) 125 (12.8)
38345297 rs369592810 G/A 1 (0.6) 1 (0.5) 2 (1.0) 0 0 0
38345426 rs994320874 G/GA 1 (0.6) - - - - -
38345528 rs6014785 G/T 53 (30.5) 70 (32.4) 55 (27.8) 2 (0.2) 0 0
38345596 rs5741812 A/T 79 (45.4) 64 (29.6) 54 (27.3) 125 (12.4) 471 (46.7) 272 (27.8)
38345598 rs11536934 T/C 9 (5.2) 18 (8.3) 4 (2.0) 1 (0.1) 0 0
38345681 rs2232571 T/C 66 (37.9) 69 (31.9) 68(34.3) 855 (85.0) 706 (70.0) 668 (68.3)
38345688 rs551546824 G/A 1 (0.6) 0 0 0 0 1 (0.1)
38345731 rs2232572 T/A 29 (16.7) 24 (11.1) 22 (11.1) 15 (1.5) 0 32 (3.3)
38345754 rs1780617 G/A 53 (30.5) 104 (48.1) 109 (55.1) 881 (87.6) 712 (70.6) 718 (73.4)
38345891 rs2232573 T/C 59 (33.9) 54 (25.0) 41 (20.7) 16 (1.6) 0 41 (4.2)
38346109 rs2232575 C/G 20 (11.5) 32 (14.8) 25 (14.8) 151 (15.0) 238 (23.8) 311 (31.8)
38346155 rs2232576 C/A 1 (0.6) 2 (0.9) 1 (0.5) 0 0 0
38346194 rs2232577 G/T 56 (32.2) 49 (22.7) 49 (24.7) 0 0 0
38346312 rs2232578 A/G 80 (46.0) 88 (40.7) 67 (33.8) 167 (16.6) 240 (23.8) 342 (35.0)
38346380 rs6025037 C/T 1 (0.6) 2 (0.9) 8 (4.0) 0 0 0
38346480 rs2232579 C/T 42 (24.1) 37 (17.1) 34 (17.2) 0 0 0

Exon 1
38346542 rs2232580 C/T 2 (1.1) 5 (2.3) 8 (4.0) 79 (7.9) 68 (6.7) 115 (11.8)
38346631 rs111616591 C/T 8 (4.6) - - - - -

Exon 2
38349564 rs112681398 A/G 9 (5.2) - - - - -
38349567 rs1739654 A/G 53 (30.5) 48 (22.2) 41 (20.7) 43 (4.3) 166 (16.5) 141 (14.4)

Exon 3
38350862 rs2232582 T/C 83 (47.7) 95 (44.0) 65 (32.8) 133 (13.2) 74 (7.3) 232 (23.7)
38350927 rs372496254 G/A 1 (0.6) 0 0 0 0 0

Exon 4

38354374 rs34144735 A/G 5 (2.9) 6 (2.8) 0 0 0 0
38354385 rs2232586 C/G 2 (1.1) 6 (2.8) 10 (5.1) 0 0 0
38354411 rs5744204 A/G 74 (42.5) 38 (59.3) 120 (60.6) 993 (98.7) 1008 (99.9) 956 (97.8)
38354416 rs146507643 G/T 1 (0.6) 0 0 0 0 0

Exon 6 38360727 rs2232596 A/G 69 (39.7) 82 (38.0) 71 (35.9) 513 (51) 119 (11.8) 340 (34.8)
Exon 9 38366820 rs143256886 G/A 1 (0.6) 2 (0.9) 0 0 0 0

Exon 10
38369011 rs2232613 C/T 13 (7.5) 14 (6.5) 27 (13.6) 73 (7.3) 1 (0.1) 43 (4.4)
38369104 rs2232615 T/C 10 (5.7) 5 (2.3) 10 (5.1) 0 0 0

Exon 11 38370765 LBP NI-3 T/G 1 (0.6) - - - - -

Exon 13
38373117 rs2232618 T/C 15 (8.6) 41 (19.0) 24 (12.1) 73 (7.3) 57 (5.7) 167 (17.1)
38373127 rs142724815 A/C 3 (1.7) 2 (0.9) 2 (1.0) 0 0 0

Exon 14
38373945 rs2232619 G/A 26 (14.9) 24 (11.1) 34 (17.2) 11 (1.1) 1 (0.1) 24 (2.5)
38373947 rs2232620 C/T 3 (1.7) 7 (3.2) 1 (0.5) 0 0 0
38373974 rs142356536 G/T 1 (0.6) 0 1 (0.5) 0 0 0

3'
flanking
region

38376859 rs61269129 G/A 2 (1.1) 15 (6.9) 1 (0.5) 0 1 (0.1) 0
38376894 rs745144 C/T 27 (15.5) 50 (23.1) 28 (14.1) 445 (44.2) 11 (1.1) 187 (19.1)
38377131 rs146547376 C/T 1 (0.6) 0 3 (1.5) 0 0 0
38377248 rs60146510 C/T 2 (1.1) 15 (6.9) 1 (0.5) 0 1 (0.1) 0
38377270 rs73909023 T/A 8 (4.6) 27 (12.5) 18 (9.1) 75 (7.5) 60 (6.0) 171 (17.5)
38377303 rs1256925873 T/A 1 (0.6) - - - - -
38377381 rs111621628 A/C 8 (4.6) 0 0 0 0 0
38377544 rs1333186270 G/A 1 (0.6) - - - - -
38377677 rs151021835 G/C 2 (1.1) 3 (1.4) 2 (1.0) 0 0 0
38377723 rs73287301 C/T 2 (1.1) 15 (6.9) 1 (0.5) 0 1 (0.1) 0
38377778 rs73289105 G/C 2 (1.1) 15 (6.9) 1 (0.5) 0 1 (0.1) 0
38377815 rs73289108 A/G 2 (1.1) 15 (6.9) 1 (0.5) 0 1 (0.1) 0
38378041 rs531229970 C/A 2 (1.1) 0 0 0 0 0
38378078 rs1357622257 A/ACTTCCT 7 (4.0) - - - - -
38378304 rs182169009 A/G 39 (22.4) - - - - -
38378343 rs35214332 A/AT 1(0.6) - - - - -
38378369 rs368426777 G/A 17 (9.8) 27 (12.5) 19 (9.6) 79 (7.9) 212 (21.0) 175 (17.9)
38378405 rs774980081 C/T 36 (20.7) - - - - -
38378526 rs1426749530 A/C 2 (1.1) - - - - -
38378538 rs566520973 C/T 1 (0.6) 0 0 0 0 0
38378750 rs997158205 G/A 1 (0.6) - - - - -
38378927 rs1391141106 C/T 3 (1.7) - - - - -
38378931 rs1284294001 A/C 2 (1.1) - - - - -
38378939 rs2083977646 A/INDEL-1 1(0.6) - - - - -
38378960 rs1489855389 INDEL-2/G 5 (2.9) - - - - -
38379009 rs2083978958 INDEL-3/G 63 (36.2) - - - - -

Wt/mut: wildtype/mutant referring to major and minor alleles, respectively; SA: South Africa; YRI: Yoruba in Ibadan, 

Nigeria; LWK: Luhya from Webuye, Kenya; EUR: European population; EAS: East Asians population; SAS: South 

Asian population; Grey shaded boxes represent significant comparisons to the South African population (SA); -: No 

non reference calls reported for this variant in 1000 genomes (assumption that they are monomorphic). NI-3: LBP 

newly identified SNP 3. Indels are indicated with bold base changes. 
INDEL-1 ACCCCGTCCGGGAGGGAGGTGGGGGGGGTCAGCCCCCCGCCCGGCCAGCCG 

INDEL-2 GGGGGGTCAGCCCCCCGCCCGGCCAGCCGCCCCGTCCGGGAGGGAGGT 

INDEL-3 GGGGGGTCAGCCCCCCGCCCGGCCAGCCGCCCCGTCCGGGAGGGAGGT. 

Table 4.1: Minor allele frequencies of LBP genetic variants (regulatory and coding regions) in the 

South African population compared to select populations from the 1000 Genomes Project. 
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4.3.1.2 Single nucleotide polymorphisms and indels in the LY96 gene 

Three hundred and forty-four variants were identified in the LY96 gene and flanking regions.  

Sixty-six of these variants were found in single individuals with MAFs of 0.6%. The 

distribution and comparison of the MAFs to 1000 Genomes Project populations are shown in 

Table 4.2 (5’ and 3’ flanking regions and coding regions) and Supplementary Table 2 

(introns). One synonymous SNP, rs1195824354 (His62=), present in a single individual, was 

identified in exon 2 of the LY96 gene - no data were available for this variant in the 1000 

Genomes Project.  

As seen with the LBP gene, the majority of the LY96 variants (318 of 344, Supplementary 

Table 2) were found in the intronic regions of the gene. We identified 10 novel variants in the 

intronic regions (LY96 NI-1 to NI-10). Nine of the newly identified variants, comprised of three 

insertions, one deletion and five SNPs, were present in single individuals (MAF=0.6%), and 

thus will need to be verified. The newly identified SNP (NI-9) at chromosome position 

8:74017606, causing a C to T change, was however present at a MAF of 2.3%. In total, 40 

indels (19 deletions and 21 insertions) were detected in the LY96 intronic regions. As seen with 

the LBP gene, comparison of the MAFs of all intronic region variants showed similarities 

between the SA population and the African YRI and LWK populations, and extensive 

differences to the non-African populations.  

In the 5’ flanking region (Table 4.2), seven SNPs and one deletion (rs200524844) were 

identified. Representation of the rs200524844 deletion did not differ significantly between the 

SA population and the African YRI and LWK populations, but MAF was significantly higher 

in the SA population (3.4%) compared to non-African populations (MAFs < 0.3%). The 

rs190775697 SNP located in the promotor region of the LY96 gene was found exclusively in 

African populations. Data from the 1000 Genomes Project were not available for two 5’ 

flanking region SNPs, both low prevalence SNPs, one present in a single individual 

(rs1317371076) and another (rs571561117) present in two individuals (MAF: 1.1%). Overall, 

no significant differences were observed in the MAFs of the 5’flanking region variants when 

the SA population was compared to the African YRI and LWK populations, however 

significant differences were detected for most of the non-African population comparisons. 

Using the RegulomeDB database to predict the functional effect of the LY96 5’ flanking region 

SNPs and indels, we found three SNPs (rs1809442, rs1809441, and rs1809440) which are 

common across the 1000 Genomes Project populations, to have a Regulome DB rank of 1f.  



97 

 

Sixteen SNPs and one deletion (rs1277364319) were identified in the 3’ flanking region of the 

LY96 gene Table 4.2. The deletion (rs1277364319) was found in a single SA individual, and 

no 1000 Genomes Project data were available for this deletion. Three 3’ flanking region SNPs 

(rs553408466, rs111949004, and rs935408891) were found in single individuals, and the 

rs553408466, and rs111949004 SNPs were either absent or found in relatively low frequencies 

in the other populations, with no data for the rs935408891 SNP in the 1000 Genomes Project. 

Comparisons of the MAFs of the 3’ flanking region variants showed that although the SA 

population showed the most similarity to the African YRI and LWK populations, there were 

still variants that showed significant differences to these populations – as example the 

rs7013457 SNP has significantly lower MAF in the SA population (MAF: 20.7%) compared 

to all other populations studied. Using RegulomeDB to predict the functional effect of the LY96 

3’ flanking region SNPs and indels, revealed the rs11466007 SNP, almost uniquely African 

(detected in one EUR population individual only), with a rank of 1b, and four SNPs 

(rs4737403, rs6994774, rs7013457, rs4738415), common across the 1000 Genomes Project 

populations, with ranks of 1f.  
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4.3.2 Linkage disequilibrium and identification of putative haplotypes in the LBP and 

LY96 genes 

The large sizes of the LBP and LY96 genes and the high number of variants present in these 

genes resulted in highly complex LD patterns and the identification of a very large number of 

putative haplotypes. Thus, for the purpose of this study, we decided to apply more selective 

(stringent) criteria in the linkage disequilibrium analysis of these two genes – only putative 

haplotypes comprised of variants with MAFs > 5% showing complete LD (r2=1) will be 

described in this chapter. For purposes of comparison to the 1000 Genomes Project populations 

however, variants making up the respective SA population putative haplotypes were accessed 

and analysed using r2 values > 0.65 (i.e., although only complete LD putative haplotypes (r2=1) 

in the SA population were studied, when evaluating the absence or presence of the haplotype 

in the 1000 Genomes Project populations, less stringent criteria were applied). 

Location
on gene

Position
(Chr:8)

Accession
number

Base change
(wt/mut)

n(minor allele frequency, %)

SA
(N=87)

YRI 
(N=108)

LWK 
(N=99)

EUR 
(N=503)

EAS
(N=504)

SAS
(N=489)

5'
flanking 
region

73989727 rs11465996 C/G 24 (13.8) 28 (13.0) 19 (9.6) 289 (28.7) 193 (19.1) 286 (29.2)

73990084 rs1317371076 A/G 1 (0.6) - - - - -

73990151 rs1809442 G/C 69 (39.7) 85 (39.4) 72 (36.4) 547 (54.4) 667 (66.2) 482(49.3)

73990178 rs1809441 T/G 76 (43.7) 86 (38.8) 81 (40.9) 547 (54.4) 667 (66.2) 482(49.3)

73990288 rs1809440 G/A 79 (45.4) 106 (49.1) 88 (44.4) 547 (54.4) 669 (66.4) 482(49.3)

73990590 rs200524844 GT/G 6 (3.4) 4 (1.9) 12 (6.1) 1 (0.1) 2 (0.2) 0

73990670 rs571561117 C/T 2 (1.1) - - - - -

73991299 rs190775697 A/C 4 (2.3) 1 (0.5) 1 (0.5) 0 0 0

Exon 2 74004869 rs1195824354 C/T 1 (0.6) - - - - -

3'
flanking 
region

74029071 rs10282832 A/C 31 (17.8) 50 (23.1) 32 (16.2) 1 (0.1) 0 0

74029115 rs73337540 G/C 2 (1.1) 2 (0.9) 0 0 0 0

74029299 rs4737403 A/T 27 (15.5) 16 (7.4) 21 (10.6) 36 (3.6) 22 (2.2) 37 (3.8)

74029439 rs11466007 C/A 29 (16.7) 50 (23.1) 32 (16.2) 1 (0.1) 0 0

74029579 rs6994774 T/C 59 (33.9) 64 (29.6) 74 (37.4) 147 (14.6) 109 (10.8) 97 (9.9)

74029656 rs111467417 C/T 11 (6.3) 12 (5.6) 9 (4.5) 0 0 0

74029728 rs147893820 C/T 4 (2.3) 10 (4.6) 4 (2.0) 0 10 (1.0) 18 (1.8)

74029809 rs11993601 G/A 23 (13.2) 23 (10.6) 11 (5.6) 1 (0.1) 0 0

74029843 rs7013457 A/G 36 (20.7) 69 (31.8) 64 (32.2) 822 (81.7) 867 (86.0) 826 (84.5)

74029915 rs113598965 G/C 2 (1.1) 2 (0.9) 0 0 0 0

74030001 rs7013662 T/G 70 (40.2) 207 (55.1) 96 (48.5) 823 (81.8) 867 (86.0) 826 (84.5)

74030696 rs553408466 C/T 1 (0.6) 0 0 0 0 1 (0.1)

74030789 rs4738415 T/A 36 (20.7) 69 (31.9) 64 (32.3) 822 (81.7) 867 (86.0) 826 (84.5)

74030875 rs111949004 G/A 1 (0.6) 0 0 4 (0.4) 0 4 (0.4)

74030906 rs78519436 C/T 4 (2.3) 7 (3.2) 5 (2.5) 0 0 0

74031049 rs1277364319 TG/T 1 (0.6) - - - - -

74031061 rs935408891 C/A 1 (0.6) - - - - -

Wt/mut: wildtype/mutant referring to major and minor alleles, respectively; SA: South Africa; YRI: Yoruba in Ibadan, 
Nigeria; LWK: Luhya from Webuye, Kenya; EUR: European population; EAS: East Asians population; SAS: South Asian 
population; Grey shaded boxes represent significant comparisons to the South African population (SA); -: No non reference 
calls reported for this variant in 1000 genomes (assumption that they are monomorphic). Indels are indicated with bold 
base changes. 

Table 4.2: Minor allele frequencies of LY96 genetic variants (regulatory and coding regions) in the 

South African population compared to select populations from the 1000 Genomes Project. 
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A total of 26 putative haplotypes were identified across the LBP gene and flanking regions. 

Twelve of these putative haplotypes were comprised of three or more variants (range: 3 to 24; 

named LBP Hap-1 to LBP Hap-12 in order of decreasing complexity/variant number), and the 

remaining 14 putative haplotypes were each comprised of two variants (named LBP 2-SNP 

Hap-1 to LBP 2-SNP Hap-14). Table 4.3 shows the composition of each putative haplotype, 

i.e., the variants in complete LD for each haplotype. The most complex (largest) of the putative 

haplotypes identified in the SA population is comprised of 21 SNPs and 3 indels (LBP Hap-1), 

all located in intronic regions. Comparison to 1000 Genomes Project populations revealed that 

data for nine of the 24 LBP Hap-1 variants were not available for all populations studied. 

However, analysis of the data available for the remaining 15 variants revealed that these 

variants were virtually absent in these populations and thus haplotype prediction could not be 

performed. LBP Hap-1 on the other hand is a relatively prevalent putative haplotype in the SA 

population (HF: 6.9%), and for now appears to be unique to this population. While most of the 

putative haplotypes identified were comprised of intronic variants, LBP Hap-3, and LBP 2-

SNP-Hap-13 were comprised of a combination of intronic and exonic variants. LBP Hap-3 was 

present (r2>0.67) across all populations studied (YRI, LWK, EUR, EAS, and SAS populations), 

while the LBP 2-SNP-Hap-13 was present in all populations (r2>0.68) except for the EAS 

population. 

Variants making up LBP Hap-2, LBP Hap-8, LBP Hap-10, LBP 2-SNP Hap-9 and LBP 2-SNP 

Hap-10 were absent in non-African populations. LBP Hap-2 was only detected in LWK 

(r2>0.66), and LBP Hap-8 was only detected in YRI (r2=1), while LBP Hap-10, LBP 2-SNP 

Hap9 and LBP 2-SNP Hap-10 were present in both African populations (r2 > 0.70). LBP 2-SNP 

Hap-4 was only present in YRI and LWK populations (r2=0.96 for both), while LBP 2-SNP 

Hap-11 was only present in the YRI population (r2=1), even though the variants comprising 

both these two putative haplotypes were present across all 1000 Genomes Project populations 

studied. LBP Hap-12 was present in YRI and LWK populations (r2=1 for both) and the EUR 

population (r2=1). LBP Hap-4, LBP 2-SNP Hap-6, and LBP 2-SNP Hap-7 were present 

(r2>0.68) in all populations except the EAS population. Data were not available in the 1000 

Genomes Project for the LBP 2-SNP Hap-14 rs2076840912 SNP. The remaining 11 putative 

haplotypes (i.e., LBP Hap-5, LBP Hap-6, LBP Hap-7, LBP Hap-9, LBP Hap-11, LBP 2-SNP 

Hap-1, LBP 2-SNP Hap-2, LBP 2-SNP Hap-3, LBP 2-SNP Hap-5, LBP 2-SNP Hap-8, and LBP 

2-SNP Hap-12) were present across all 1000 Genomes Project populations (r2 > 0.65). 
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Twenty-two putative haplotypes were identified across the LY96 gene and flanking regions. 

Fourteen of these putative haplotypes were comprised of three or more variants (range: 3 to 

8 variants; named LY96 Hap-1 to LY96 Hap-14 in order of decreasing complexity/variant 

number), and the remaining eight putative haplotypes were each comprised of two variants 

(named LY96 2-SNP Hap-1 to LY96 2-SNP Hap-8). Table 4.4 shows the composition of each 

putative haplotype, i.e., the variants in complete LD for each putative haplotype. Data were 

not available in the 1000 Genomes Project populations for two putative haplotypes, namely 

LY96 2-SNP Hap-7 and LY96 2-SNP Hap-8. Interestingly, the two-variant putative 

haplotype, LY96 2-SNP Hap-8, was comprised of two deletions (rs1406963683 CTT/C and 

rs1161163048 CCTTCCTTCCT/C) and was a fairly prevalent putative haplotype in the SA 

population (HF: 5.2%). The variants making up the LY96 Hap-1, LY96 Hap-7, LY96 Hap-8, 

LY96 Hap-12 and LY96 2-SNP Hap-6 putative haplotypes were absent or found in 

frequencies insufficient for linkage disequilibrium analysis in non-African populations 

(EUR, EAS, and SAS), however these putative haplotypes were present across the two 

African populations (YRI and LWK) with strong LD between the variants (r2 > 0.75).  All 

remaining putative haplotypes were conserved across all the 1000 Genomes Project 

populations (YRI. LWK, EUR, EAS, and SAS) showing strong LD (r2 > 0.80) between 

variants for all the putative haplotypes except for LY96 Hap-2, where the LD (r2=0.66) was 

weaker between certain SNPs in the SAS population.   
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Haplotype 
ID (LBP)

List of variants in haplotype

Hap-1

rs113464344 rs113966205 rs111874373 rs113489543

rs113579225 rs112318889 rs113031135 rs111848745

rs113734860 rs113203674 rs112685620 rs112098655

rs113366471 rs12893226562 rs112052603 rs112924468

rs1132073691 rs1456882232 rs112314157 rs113915430

rs113525611 rs112652150 rs112038028 rs533481732

Hap-2
rs6025188 rs6025195 rs11536978 rs6025198

rs6014840

Hap-3
rs2232617 rs6069931 rs11536993 rs22326184

rs11536994

Hap-4 rs1631643 rs1739638 rs12624843 rs1780628

Hap-5 rs6123629 rs2232595 rs6127861 rs182432670

Hap-6 rs11906594 rs1379962102 rs6025098

Hap-7 rs2232593 rs6127841 rs2232592

Hap-8 rs139715955 rs11536963 rs140999190

Hap-9 rs6014862 rs11086581 rs2232616

Hap-10 rs2232609 rs5741818 rs6025196

Hap-11 rs2232590 rs2232589 rs41332344

Hap-12 rs147651643 rs116538384 rs145503460

2-SNP Hap-1 rs6127831 rs6127837

2-SNP Hap-2 rs1780627 rs1739640

2-SNP Hap-3 rs6099236 rs22325783

2-SNP Hap-4 rs6014804 rs6014805

2-SNP Hap-5 rs1780624 rs22325961

2-SNP Hap-6 rs6099228 rs8120088

2-SNP Hap-7 rs7267449 rs7267600

2-SNP Hap-8 rs114810472 rs6014861

2-SNP Hap-9 rs16987261 rs116743201

2-SNP Hap-10 rs140501730 rs11536951

2-SNP Hap-11 rs140069602 rs11086565

2-SNP Hap-12 rs6127849 rs6127855

2-SNP Hap-13 rs11536949 rs22326134

2-SNP Hap-14 rs111067091 rs20768409121

1
: deletion; 

2
: insertion; 

3
: 5’ flanking region variant; 

4
: exon variant (all indicated in 

bold font); all other variants are intronic. 

Table 4.3: Putative LBP gene haplotypes (r2=1) in the South African population. 
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Haplotype
ID (LY96)

List of variants in haplotype 

Hap-1
rs112541809 rs1477650651 rs73335866 rs112793867

rs119936013 rs147251489 rs146530931 rs73335869

Hap-2
rs140425838 rs73335860 rs111931925 rs17226734

rs114031782 rs47374033 rs187932458 rs4737399

Hap-3
rs7821865 rs7001511 rs4738412 rs7829369

rs114659964 rs11466001 rs62509331 rs72661869

Hap-4
rs47384153 rs70134573 rs6472813 rs2114169

rs7838114 rs7007114 rs7819708

Hap-5
rs62509332 rs56343979 rs12546519 rs1381404281

rs12546552 rs7388563

Hap-6
rs7820086 rs77754189 rs56230757 rs113066143

rs55917243

Hap-7
rs10088782 rs113459347 rs113548678 rs10092443

rs10107496

Hap-8
rs185952327 rs102828323 rs190725508 rs73335834

rs16938762

Hap-9 rs4738414 rs70136623 rs6993513 rs7839553

Hap-10 rs11786591 rs11783456 rs347679072 rs4738413

Hap-11 rs4738411 rs7009353 rs55722404 rs10808798

Hap-12 rs11466000 rs77952155 rs116507106 rs115211571

Hap-13 rs3730904372 rs112589509 rs16938760

Hap-14 rs114099802 rs28718132 rs28435175

2-SNP Hap-1 rs7841862 rs60515500

2-SNP Hap-2 rs73335845 rs12542066

2-SNP Hap-3 rs16938758 rs16938759

2-SNP Hap-4 rs7822407 rs10086976

2-SNP Hap-5 rs113532117 rs80343839

2-SNP Hap-6 rs113382383 rs73335849

2-SNP Hap-7 rs546722838 rs113037498

2-SNP Hap-8 rs14069636831 rs11611630481

1
: deletion; 

2
: insertion; 

3
: 5’ flanking region variant; 

4
: exon variant (all indicated in bold font); 

all other variants are intronic. 

Table 4.4: Putative LY96 gene haplotypes (r2=1) in the South African population. 
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4.3.3 Comparisons of the representation of the LBP and LY96 variants between South 

African controls and HIV-1 controllers 

4.3.3.1 LBP 

Comparing the representation of all LBP variants identified between HIV-1 controllers and SA 

controls revealed several SNPs to be significantly different between the groups (Table 4.5). 

Minor allele frequency (p=0.011, OR=34.6, CI: 2.887-414.699) and the heterozygosity 

(p=0.01, OR=43, CI: 3.189-579.773) for the rs6025023 SNP located in the 5’ flanking region 

of the LBP gene were significantly higher in viraemic controllers compared to SA controls.  In 

the 3’ flanking region, MAF and heterozygosity for the rs111621628 SNP were higher in both 

the total group of HIV-1 controllers (MAF: p=0.017, OR=3.407, CI=1.312-8.843; 

heterozygosity: p=0.013, OR=3.879, CI: 1.416-10.626) and elite controllers (MAF: p=0.034, 

OR=3.458, CI: 1.130-10.580; heterozygosity: p=0.028, OR=3.95, CI: 1.197-13.035) compared 

to the SA controls.  

In the coding region (exon 2) of the LBP gene, we found an underrepresentation of the 

heterozygous genotype of a synonymous SNP (rs1739654) in viraemic controllers compared 

to SA controls (p=0.031, OR=0.072, CI: 0.007-0.786). This variant was in strong LD (r2=0.98) 

with an intronic SNP (rs1739655) which showed a similar association (Table 4.5). Minor allele 

frequency and heterozygosity for the nonsynonymous SNP in exon 13 (rs142724815, 

Lys439Thr) were higher in viraemic controllers compared to SA controls (MAF: p=0.034, 

OR=11.4, CI: 1.706-76.178; heterozygosity: p=0.032, OR=14, CI: 1.8-108.882). This variant 

showed strong LD (r2 > 0.87) with three intronic SNPs (rs141862127, rs145588209, and 

rs140231834) which also showed similar associations (Table 4.5).  

Comparison of the LBP intronic variants between the groups revealed an overrepresentation of 

the rs11536943 SNP (both MAF and heterozygosity) in the total group of HIV-1 controllers 

(p=0.029 for both) and in elite controllers (MAF: p=0.037; heterozygosity: p=0.036) compared 

to the SA controls which had zero representation of this SNP. The rs11536943 SNP is in LD 

(r2>0.98) with two intronic SNPs (rs960451887 and rs113577957), thus showing similar 

associations (Table 4.5). Interestingly, the rs1250247980 SNP, which was absent in the SA 

control population was found in all three controller subgroups, and MAF was significantly 

higher in both the total group of HIV-1 controllers (p=0.003) and viraemic controllers 

(p=0.0002) compared to SA controls. Additionally, we observed an overrepresentation of the 

minor allele of the rs140069602 SNP in viraemic controllers compared to SA controls 

(p=0.024, OR=8, CI: 1.351-47.376). Two additional intronic SNPs showed minor allele 
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underrepresentation in the total group of HIV-1 controllers compared to the SA controls 

(rs6025098: p=0.036, OR=0.384, CI=1.153-0.964; rs6014805: p=0.024, OR=0.498, CI: 0.278-

0.892). Minor allele homozygosity of the rs6014805 SNP (T/T) was also underrepresented in 

the total group of HIV-1 controllers (p=0.022) and elite controllers (p=0.045) compared to the 

SA controls. The rs6025098 SNP is in LD (r2=1) with the intronic rs137996210 indel and 

rs11906594 SNP, respectively. These are the variants comprising LBP Hap-6 and thus all 

showed similar associations (Table 4.5). 

No significant differences were observed in the representation of both allelic and genotypic 

frequencies of the LBP variants between the HIV-1 controller subgroups.  
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Table 4.5: Comparison of allelic and genotypic frequencies of LBP variants between SA controls and HIV-1 controllers. 

  

 

 

 

 

Minor allele / genotype frequency HICs v s SA controls ECs v s SA controls VC v s SA controls HVL LTNPs v s SA controls

Location  

on gene
Variant

Minor 

allele/genotype
SAs HICs ECs VCs

HVL 

LTNPs
OR CI P OR CI P OR CI P OR CI P

5' flanking

region
rs6025023

A 1(0.6) 3(3.8) 1(2.4) 2(16.7) 0 6.92 0.708-67.613 0.089 4.22 0.258-68.883 0.352 34.6 2.887-414.699 0.011 0 0-NaN 1

G/A 1(1.1) 3(7.7) 1(4.8) 2(33.3) 0 7.167 0.721-71.226 0.088 4.3 0.258-71.726 0.353 43 3.189-579.773 0.01 0 0-NaN 1

Exon 2 rs1739654 A/G 37(42.5) 16(41.0) 11(52.4) 1(16.7) 4(33.3) 0.701 0.401-1.226 0.246 0.977 0.471-2.027 1 0.072 0.007-0.786 0.031 0.613 0.256-1.469 0.349

Intron 2 rs1739655 A/G 37(43.7) 17(43.6) 11(52.4) 1(16.7) 5(41.7) 0.522 0.152-1.788 0.339 2.023 0.224-18.291 1 0.061 0.006-0.679 0.023 0.461 0.074-2.863 0.59

Intron 3

rs11536943 A 0 3(3.8) 2(4.8) 0 1(4.2) ∞ NaN-∞ 0.029 ∞ NaN-∞ 0.037 - - - ∞ NaN-∞ 0.121

G/A 0 3(7.1) 2(9.5) 0 1(8.3) ∞ NaN-∞ 0.029 ∞ NaN-∞ 0.036 - - - ∞ NaN-∞ 0.121

rs960451887
A 0 3(3.8) 2(4.8) 0 1(4.2) ∞ NaN-∞ 0.029 ∞ NaN-∞ 0.037 - - - ∞ NaN-∞ 0.121

G/A 0 3(7.7) 2(9.5) 0 1(8.3) ∞ NaN-∞ 0.029 ∞ NaN-∞ 0.036 - - - ∞ NaN-∞ 0.121

rs6025098 T 31(17.8) 6(7.7) 4(9.5) 0 2(8.3) 0.384 0.153-0.964 0.036 0.486 0.161-1.460 0.246 0 0-NaN 0.222 0.419 0.094-1.877 0.381

rs137996210 TATAA 31(17.8) 6(7.7) 4(9.5) 0 2(8.3) 0.384 0.153-0.964 0.036 0.486 0.161-1.460 0.2246 0 0-NaN 0.222 0.419 0.094-1.877 0.381

rs6014805
T 74(42.5) 21(26.9) 11(26.1) 2(16.7) 8(33.3) 0.498 0.278-0.892 0.024 0.48 0.226-1.016 0.055 0.27 0.057-1.270 0.127 0.676 0.275-1.662 0.508

T/T 13(14.9) 1(2.6) 0 0 0 0.105 0.0123-0.875 0.022 0 0-NaN 0.045 0 0-NaN 1 0 0-NaN 0.375

rs1250247980 C* 0 5(6.4) 1(2.4) 3(25.0) 1(4.2) ∞ NaN-∞ 0.003 ∞ NaN-∞ 0.194 ∞ NaN-∞ 0.0002 ∞ NaN-∞ 0.121

rs11906594 A/G 31(17.8) 6(7.7) 4(9.5) 0 2(8.3) 0.384 0.153-0.964 0.036 0.486 0.161-1.460 0.2246 0 0-NaN 0.222 0.419 0.094-1.877 0.381

Intron 5 rs140069602 G/C 17(19.5) 12(13.8) 5(23.8) 4(66.7) 3(25.0) 1.178 0.750-4.214 0.253 1.25 0.401-3.893 0.765 8 1.351-47.376 0.024 1.333 0.325-5.465 0.708

Intron 6 rs113577957
G 0 2(2.6) 2(4.8) 0 0 ∞ NaN-∞ 0.095 ∞ NaN-∞ 0.037 - - - - - -

G/A 0 2(5.1) 2(9.5) 0 0 ∞ NaN-∞ 0.094 ∞ NaN-∞ 0.036 - - - - - -

Intron 8 rs141862127
C 3(1.7) 4(5.1 1(2.4) 2(16.7) 1(4.2) 3.081 0.672-14.110 0.208 1.39 0.141-13.711 0.581 11.4 1.706-76.178 0.034 2.478 0.247-24.835 0.406

A/C 3(3.4) 4(10.3) 1(2.8) 2(33.3) 1(8.3) 3.2 0.681-15.05 0.202 1.4 0.138-14.177 1 14 1.800-108.882 0.032 2.545 0.243-26.660 0.409

Intron 10 rs145588209
T 3(1.7) 4(5.1 1(2.4) 2(16.7) 1(4.2) 3.081 0.672-14.110 0.208 1.39 0.141-13.711 0.581 11.4 1.706-76.178 0.034 2.478 0.247-24.835 0.406

C/T 3(3.4) 4(10.3) 1(2.8) 2(33.3) 1(8.3) 3.2 0.681-15.05 0.202 1.4 0.138-14.177 1 14 1.800-108.882 0.032 2.545 0.243-26.660 0.409

Exon 13 rs142724815 C 3(1.7) 4(5.1) 1(2.4) 2(16.7) 1(4.2) 3.081 0.673-14.110 0.208 1.39 0.141-13.711 0.581 11.4 1.706-76.178 0.034 2.478 0.247-24.835 0.406

A/C 3(3.4) 4(10.3) 1(2.8) 2(33.3) 1(8.3) 3.2 0.681-15.05 0.202 1.4 0.138-14.177 1 14 1.800-108.882 0.032 2.545 0.243-26.660 0.409

Intron 13 rs140231834
T 3(1.7) 4(5.1 1(2.4) 2(16.7) 1(4.2) 3.081 0.672-14.110 0.208 1.39 0.141-13.711 0.581 11.4 1.706-76.178 0.034 2.478 0.247-24.835 0.406

A/T 3(3.4) 4(10.3) 1(2.8) 2(33.3) 1(8.3) 3.2 0.681-15.05 0.202 1.4 0.138-14.177 1 14 1.800-108.882 0.032 2.545 0.243-26.660 0.409

3' flanking

region
rs111621628

C 8(4.6) 11(14.1) 6(14.2) 2(16.7) 3(12.5) 3.407 1.312-8.843 0.017 3.458 1.130-10.580 0.034 4.15 0.777-22.174 0.129 2.964 0.729-12.050 0.134

A/C 8(9.2) 11(28.2) 6(28.6) 2(33.3) 2(16.7) 3.879 1.416-10.626 0.013 3.95 1.197-13.035 0.028 4.938 0.779-31.296 0.124 3.292 0.738-14.684 0.128

SAs: South African (SA) controls (n=87), HICs: HIV-1 controllers (n=39), ECs: elite controllers (n=21), VCs: viraemic controllers (n=6), and HVL LTNPs: high viral load long term non 

progressors (n=12). Variant IDs highlighted in the same colour represent variants showing linkage disequilibrium. Significantly different p values between respective groups being compared 

are indicated by red font. Minor allele nucleotides are indicated with bold font. * major allele is T.   
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4.3.3.2 LY96  

Comparisons of all LY96 gene variants between HIV-1 controllers and SA controls revealed no 

significant differences in the representation of the regulatory region and exonic variants. We 

however found differences in the representation of several intronic LY96 gene variants (Table 

4.6). Minor allele frequency and heterozygosity of an intronic insertion, rs534972696, was 

higher in HIV-1 controllers compared to SA controls (MAF: p=0.01, OR=4.857, CI: 1.417-

16.652; heterozygosity: p=0.008, OR=5.354, CI: 1.505-19.052). This higher representation of 

the rs534972696 indel in HIV-1 controllers was driven by the HVL LTNPs, with the indel 

showing stronger significant higher representation in HVL LTNPs compared to SA controls 

(MAF: p=0.008, OR=8.5, CI: 1.971-36.649; heterozygosity: p=0.007, OR=10.375, CI: 2.171-

49.589). In elite controllers we found a significant lower MAF of three SNPs, namely 

rs7822709 (p=0.034, OR=0.209, CI0.052-0.842), rs7841862 (p=0.185, OR=0.052-0.658) and 

rs60515500 (p=0.185, OR=0.052-0.658) compared to the SA controls. The rs7841862 and 

rs60515500 SNPs are in strong LD (r2=0.96) and they were also both in LD with the rs7822709 

SNP (r2=0.72). Minor allele frequency of the rs7841862 (p=0.01, OR=0.235, CI=0.083-0.670) 

and rs60515500 (p=0.01, OR=0.255, CI: 0.091-0.717) SNPs was also significantly lower in the 

total group of HIV-1 controllers compared to the SA controls. Lastly, we found an 

overrepresentation of the minor allele and heterozygosity of the rs149605245 SNP in elite 

controllers compared to SA controls (MAF: p=0.007; heterozygosity: p=0.007) - this SNP was 

absent in the SA control population, HVL LTNPs and viraemic controllers, however MAF and 

heterozygosity for this SNP was still higher in the total group of HIV-1 controllers compared 

to SA controls (MAF: p=0.029; heterozygosity: p=0.028), due to the high representation in the 

elite controller subgroup.  

No significant differences in the representation of the LY96 gene variants were observed 

between the HIV-1 controller subgroups. 
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Minor allele / genotype frequency HICs vs SA controls ECs vs SA controls VC vs SA controls HVL LTNPs vs SA controls

Variant
Minor 

allele/genotype
SAs HICs ECs VCs

HVL 
LTNPs

OR CI P OR CI P OR CI P OR CI P

rs534972696
GT 4(2.3) 8(10.3) 3(7.1) 1(8.3) 4(16.7) 4.857 1.417-16.652 0.01 3.269 0.703-15.202 0.135 3.863 0.397-37.570 0.286 8.5 1.971-36.649 0.008

G/GT 4(4.6) 8(20.5) 3(14.3) 1(16.6) 4(33.3) 5.354 1.505-19.052 0.008 3.458 0.711-16.813 0.132 4.15 0.388-44.391 0.289 10.375 2.171-49.589 0.007

rs78227092 A/G 47(54.0) 14(35.9) 7(33.3) 3(50.0) 4(33.3) 0.298 0.089-0.995 0.054 0.209 0.052-0.842 0.034 ∞ NaN-∞ ∞ 0.298 0.046-1.940 0.218

rs78418621 A/G 51(58.6) 12(30.8) 6(28.5) 3(50.0) 3(25.0) 0.235 0.083-0.670 0.01 0.185 0.052-0.658 0.01 0.647 0.061-6.820 0.561 0.215 0.038-1.214 0.097

rs605155001 A/C 51(58.6) 13(33.3) 6(28.5) 3(50.0) 4(33.3) 0.255 0.091-0.717 0.01 0.185 0.052-0.658 0.01 0.647 0.061-6.820 0.561 0.288 0.056-1.472 0.142

rs149605245
C 0 3(3.8) 3(7.1) 0 0 ∞ NaN-∞ 0.029 inf nan-inf 0.007 - - - - - -

G/C 0 3(7.7) 3(14.3) 0 0 ∞ NaN-∞ 0.028 inf nan-inf 0.007 - - - - - -

SAs: South African (SA) controls (n=87), HICs: HIV-1 controllers (n=39), ECs: elite controllers (n=21), VCs: viraemic controllers (n=6), and HVL LTNPs: high viral load long term non 

progressors (n=12), Variant IDs highlighted in the same colour represent variants showing linkage disequilibrium.
1
: SNPs in linkage disequilibrium (LD, r

2
=0.96), 

2
: SNP in LD with SNPs 

marked with 1 (r
2
=0.72). Significantly different p values between respective groups being compared are indicated by red font. Minor allele nucleotides are indicated with bold font. 

   

Table 4.6: Comparison of allelic and genotypic frequencies of LY96 variants between SA controls and HIV-1 controllers. 
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4.4  Discussion  

The lipopolysaccharide binding proteins LBP and MD-2 are essential components of the TLR4 

signalling pathway (Lu et al., 2008). Polymorphisms in genes encoding these two proteins have 

been associated with varying expression levels, LPS responsiveness, as well as a number of 

diseases, in different populations (Hamann et al., 2004, Gu et al., 2007, Zeng et al., 2012a, 

Eckert et al., 2013, Bank et al., 2014, Lu et al., 2018). However, LBP and LY96 gene association 

studies are scarce in African populations. In this study, we have described the LBP and LY96 

genetic variation (SNPs and indels) and LD patterns in black South Africans (control 

population) and compared to select data available from 1000 Genomes Project. We have also 

assessed representation of LBP and LY96 polymorphisms in black South African HIV-1 

controllers relative to the South African control individuals.  

Here we describe five and 10 putative novel variants in the LBP and LY96 genes, respectively, 

and all but one LY96 variant (MAF of 2.3%, LY96 NI-9, 8:74017606) were identified in single 

individuals, and would thus need to be verified as true novel variants using other genotyping 

methods. The whole genome sequencing results reveal that the LBP and LY96 genes are highly 

polymorphic with 405 and 344 variants identified, respectively – largely attributed to the large 

gene sizes and with most variants located in the intronic regions. Using data available from the 

1000 Genomes Project showed that, as expected, the MAFs of both the LBP and LY96 variants 

in the SA population were more similar to those of African YRI and LWK reference 

populations and showed extensive significant differences to the non-African populations 

(EUR, EAS and SAS). Variants located in the 5’ and 3’ flanking regions of these genes in the 

SA population that were predicted to have a category 1 RegulomeDb rank, suggestive of a 

variant located in a functional region and associated with gene expression (Dong et al., 2022), 

were either present across all the populations or exclusive to the African populations - i.e., none 

were found exclusively in the SA population.  

Extensive LD across the LBP and LY96 genes was seen with 26 and 22 complete LD putative 

haplotypes identified in these genes, respectively. The largest LBP putative haplotype 

identified (LBP Hap-1; HF: 6.9%), involving 24 intronic variants, appears to be absent in both 

the African and non-African 1000 Genomes Project populations studied. Although this putative 

haplotype is comprised of only intronic SNPs, given that introns have been shown to play an 

important role in enhancing gene expression (Rose, 2019), this haplotype could potentially 

impact LBP gene regulation in the SA population. A previously identified common LBP 

haplotype in the 5’ flanking region of the gene, comprised of four SNPs (rs1780616, 
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rs5741812, rs2232571 and rs1780617), was found to associate with susceptibility to sepsis 

(Flores et al., 2009). Although these SNPs were present in our population, LD between these 

SNPs was low.  

A haplotype comprised of two SNPs (rs1809442 and rs1809441), located in the 5’ UTR 

promotor region of the LY96 gene, has been reported to be associated with increased MD-2 

expression and Dermatophagoides pteronyssinus group 2 (Der p 2) allergy in a Taiwanese 

population (Liao et al., 2015a, Liao et al., 2015b). These two SNPs were present in our 

population and showed strong but not complete LD (r2=0.84) - given our criteria of only 

describing haplotypes with absolute LD in this chapter, this haplotype was thus not described 

in this study. Nonetheless, representation of the rs1809442 and rs1809441 SNPs in the African-

based populations (SA, YRI and LWK populations) was lower than the non-African 

populations (EUR, EAS, and SAS). Furthermore, these two SNPs have a RegulomeDB rank of 

1f, which suggests that they are likely to affect transcription factor binding and gene expression 

levels – the lower frequency of these polymorphisms/haplotype in African populations may be 

responsible for a difference in MD-2 expression between African and non-African individuals 

and warrants further investigation.  

HIV-1 controllers are a subgroup of people living with HIV-1 who can naturally control the 

HIV-1 infection in the absence of antiretroviral therapy. Comparison of LBP variants between 

HIV-1 controllers and SA controls revealed that the representation of three LBP variants 

(rs2232571, rs2232613 and rs2232618) previously associated with either LBP expression 

levels, LPS responsiveness or sepsis (Chien et al., 2008, Zeng et al., 2012a, Eckert et al., 2013, 

Lu et al., 2018), did not differ between SA controls and HIV-1 controllers. Several other LBP 

polymorphisms however were found to be differentially represented between SA HIV-1 

controllers and controls, thereby suggesting a potential role of this molecule in HIV-1 control. 

Minor allele representation as well heterozygosity for a 5’ flanking region SNP (rs6025023) 

was significantly higher in viraemic controllers compared to SA controls. In elite controllers, 

and the total group of HIV-1 controllers we found minor allele overrepresentation of a 3’ 

flanking region SNP (rs111621628). RegulomeDB analysis revealed both the rs6025023 and 

rs111621628 SNPs to have a RegulomeDB rank of 5, suggesting that there is minimal evidence 

for these variants to be in a functionally relevant region. However, given that these are rare 

variants and no data were available for the rs6025023 SNP in the 1000 Genomes Project, there 

could be other, yet to be identified, functional consequences of these variants in the SA 

population. SNPs located in the 3’ and 5’ flanking regions have been shown to affect RNA 
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secondary structures (Gu et al., 2015) and these structures play an important role in microRNA-

mediated gene regulation and initiation of translation (Gu et al., 2014, Mayr, 2019).  

Our findings also show a heterozygous genotype overrepresentation of two coding region SNPs 

(rs1739654 and rs142724815) in viraemic controllers compared to SA controls. The 

rs142724815 SNP is also in LD with three intronic SNPs (rs141862127, rs145588209, and 

rs140231834) also showing similar associations, while the rs1739655 SNP in LD with 

rs1739654 was also differentially represented. The rs1739654 SNP is a synonymous SNP, 

while the rs142724815 SNP is a nonsynonymous variant causing a lysine to threonine 

substitution at position 439 which is predicted to be “tolerated” and “benign” by SIFT and 

Polyphen-2, respectively. Interestingly, according to the GTEx project (https://gtexportal.org/), 

the rs1739654 SNP results in higher expression levels of the LBP in lungs, emphasizing that 

synonymous variants can affect gene expression levels (Vihinen, 2022). In addition, the 

rs1739654 SNP has been associated with susceptibility to type 2 diabetes (Takeuchi et al., 

2007)  We also identified two intronic SNPs (rs1250247980 and rs140069602) with minor 

allele overrepresentation in viraemic controllers compared to SA controls, with the 

rs1250247980 SNP also showing minor allele overrepresentation in the total group of HIV-1 

controllers. It is however important to note that the sample size for viraemic controllers (n=6) 

is small, and the range of the confidence interval for odds ratio was wide, suggesting that this 

association and all associations involving viraemic controllers should be treated with caution 

and verified in larger cohorts. However, extreme phenotypes allow for identification of rare 

causal variants - this has been demonstrated in a previous study conducted in a small cohort of 

LTNPs (n=7) and elite controllers (n=4) that identified several rare human genetic variants in 

genes involved in the HIV replication and innate immune sensing which associate with HIV-1 

control in LTNPs (Nissen et al., 2018).  

Our results also indicated minor allele overrepresentation of the following intronic variants, 

rs11536943, rs113577957, rs960451887, rs6014805, rs6025098, rs137996210, and 

rs11906594, in the total group of controllers. The rs11536943 and rs6014805 SNPs were also 

overrepresented in elite controllers. The rs6025098 and rs11906594 SNPs, and rs137996210 

indel are variants which comprise LBP Hap-6.  According to the RegulomeDB, the rs11536943 

SNP has a rank of 1b, while the rs6014805, rs6025098, rs137996210, and rs11906594 variants 

have a rank of 1f, suggesting that these variants are likely to affect binding and expression 

levels. Data from the GTEx project showed that the rs11536943 and rs6025098 SNPs result in 

lower expression levels of LBP in skeletal muscle and BPI (bactericidal permeability 

https://gtexportal.org/
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increasing protein) in various tissues including whole blood. Bactericidal permeability 

increasing protein is an LPS binding protein produced by neutrophils and is structurally and 

functionally related to LBP (Hubacek et al., 1997), however, BPI suppresses inflammation by 

interfering with the transfer of LPS to CD14 for TLR4 activation (Weiss, 2003). According to 

GTEx, the rs6014805 SNP results in lower expression of DHX35 (DEAH-box helicase 35) in 

the aorta artery, while the rs137996210 and rs11906594 variants result in lower LBP 

expression levels in various tissues.  

LBP has functions beyond the transferring of LPS to CD14 for initiation of innate immune 

responses - this molecule can at higher concentrations inhibit the inflammatory immune 

responses by transferring LPS to lipoproteins (Zweigner et al., 2001). Given this concentration 

depended dual role of LBP, variants which could affect expression levels and/or structure of 

LBP have the potential to influence the innate immune response. It is therefore not surprising 

that variants in the LBP genes have been associated with range of inflammation related diseases 

(Meng et al., 2021). With respect to HIV-1, plasma levels of LBP are considered an indirect 

marker of microbial translocation, therefore LBP variants could play a role on immune 

activation in people living with HIV-1. In people living with HIV-1, the LBP SNP (rs2232582; 

synonymous SNP) has been associated with HAART-associated lipodystrophy syndrome 

(Viladés et al., 2014). Interestingly, the rs2232582 SNP is a very prevalent SNP (MAF: 47.7%) 

in the SA population and significantly more prevalent compared to the LWK African 

population as well as all the non-African populations. 

MD-2 is a key molecule in LPS sensing and activation of innate immune responses (Shimazu 

et al., 1999). Expression levels of this molecule have been shown to be elevated in people living 

with HIV-1 and in sepsis (Pugin et al., 2004, Sandanger et al., 2009). Previous studies have 

shown that LY96 gene variants affect LPB expression levels and LPS responsiveness (Hamann 

et al., 2004, Gu et al., 2007). In this study, we did not detect the rare LY96 nonsynonymous 

mutation (+103 A to G) which causes a threonine to alanine substitution at position 35 and 

results in reduced NF-κβ-activation and TNF-α production upon LPS stimulation (Hamann et 

al., 2004). We did however detect one synonymous SNP (rs1195824354) in the coding region 

of the LY96 gene - the rs1195824354 SNP is a rare variant, only present in one individual in 

the SA population, and data for this SNP were not available in the 1000 Genomes Project for 

all populations. Although synonymous SNPs do not effect on protein function, it has been 

shown that they can alter local RNA structures which could potentially affect gene expression 

(Gu et al., 2015). Another important LY96 variant is the rs11465996 SNP located in the 
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promoter region of the LY96 gene, and has been shown to affect the promotor activity and 

associate with increased expression of LY96 mRNA and TNF-α upon LPS stimulation (Gu et 

al., 2007). This variant has also been associated with a range of diseases (Zeng et al., 2012b, 

Bank et al., 2014).  In the SA population, the rs11465996 SNP was a fairly prevalent variant 

(MAF: 13.8%), however MAF of this SNP was significantly lower compared to the non-

African European and South Asian 1000 Genomes Project populations, possibly suggesting 

differences in the functional significance of this promotor variant in the different populations.  

To the best of our knowledge, no previous studies have investigated the representation of LY96 

polymorphisms in HIV-1 controllers relative to progressors or to a control background 

population. In this study, although we failed to see any significant differences in the 

representation of LY96 regulatory and coding region variants between SA controls and HIV-1 

controllers, we did find several intronic variants showing differences representation. Minor 

allele and heterozygosity overrepresentation of the rs534972696 SNP in the total group of 

controllers and in HVL LTNPs compared to the SA controls was seen. Although this variant 

has a RegulomeDB rank of 6, suggesting minimal evidence of functional significance, Ensembl 

(https://www.ensembl.org/index.html) predicts that this variant impacts gene regulation. The 

minor alleles of two intronic SNPs (rs7841862 and rs60515500) in LD (r2=0.96) were 

underrepresented in the total group of HIV-1 controllers and elite controllers compared to SA 

controls. These SNPs have a RegulomeDB rank of 1f suggesting that there are located in a 

region of functional significance. In addition, MAF of the SNP (rs7822709), in LD (r2=0.72) 

with the rs7841862 and rs60515500 SNPs, was significantly lower in elite controllers 

compared to SA controls. Lastly, the rs149605245 SNP, found exclusively in elite controllers 

(MAF: 7.1%), showed both MAF and heterozygosity to be significantly overrepresented in 

elite controllers compared to SA controls (also resulted in the total HIV-1 controller group also 

showing significant overrepresentation compared to the SA controls). This variant has a 

RegulomeDB rank of 7, suggesting minimal evidence of functional significance, and no 

significant eQTLs were found for the variant in the GTEx project. However, given that the 

majority of GTEx project tissue donors are white individuals (84.6%), the lack of significant 

eQTLs for this variant could be due to ethnic differences, as this variant is absent in all three 

non-African 1000 Genomes Project populations (EUR, EAS and SAS) - the rs149605245 SNP 

thus seems to be exclusive to African populations and has a MAF of 4% in the total African 

population (1000 Genomes Project). It will be interesting to investigate whether this variant is 

indeed involved in HIV-1 elite control in African populations.  

https://www.ensembl.org/index.html
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It is worth noting that we did not observe any significant association between LBP variants and 

HVL LTNPs in this study. In addition, no significant associations between LY96 variants and 

viraemic controllers were observed. Although the lack of association could be due to low 

sample sizes in both populations, these results also suggest differences in mechanisms of 

control between HIV-1 controllers.  

This study has several limitations. Firstly, the sample sizes for our study participants were low, 

as already mentioned, particularly the group of viraemic controllers (n=6), therefore, all 

significant association in viraemic controllers need to be verified in larger cohorts. 

Additionally, care should be taken in the interpretation of rare SNPs in our cohorts as these 

were small sample sizes and might not necessarily be representative of the bigger populations. 

We also did not correct for multiple comparisons due to the exploratory nature of this study.  

Findings from this study should form the basis for future studies aimed at investigating 

functional or regulatory LBP and LY96 variants, which potentially affect immune responses to 

microbial translocation and/ or play a role in HIV-1 control in cohorts with the inclusion of 

HIV-1 progressors.  

In conclusion, our results suggest that LBP and LY96 polymorphisms and LD patterns in the 

black SA population more closely mirror those of other African populations compared to 

European and Asian populations - this emphasises the importance of population specific 

association studies and identification of population specific eQTLs. Overall, our findings 

contribute to the understanding of the extent of genetic variation in these important genes in 

the South African population. In addition, we have identified a number of LBP and LY96 gene 

variants that are differentially represented in black South African HIV-1 controllers – using 

these results as a reference study, these associations can now be tested using larger replication 

cohorts.  
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CHAPTER 5                                                                               

Plasma levels of REG3α and sCD14 distinguish extreme clinical 

phenotypes of black South African persons living with HIV-1 
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5.1  Introduction  

Despite the success of antiretroviral therapy (ART), morbidity and mortality from both AIDS 

and non-AIDS defining illnesses are still higher in people living with HIV-1 (PLWH) than the 

general population (Sandler and Douek, 2012, de Coninck et al., 2018). These outcomes are 

related to the associated persistent immune activation and inflammation, even in PLWH on 

suppressive ART (Sandler et al., 2011, Hunt et al., 2014). Among other factors such as residual 

HIV replication and co-infections with other pathogens (Younas et al., 2016), microbial 

translocation has also been identified as a major factor fuelling the persistent inflammatory 

immune response (Brenchley et al., 2006).  

The preferential depletion of CD4+ T cells from the gastrointestinal tract during the acute phase 

of HIV-1 infection (Brenchley et al., 2008) results in the disruption of the gut integrity, 

subsequently resulting in the translocation of microbial products such as lipopolysaccharide 

(LPS), from the gut into the circulatory system (Sandler and Douek, 2012). 

Lipopolysaccharide, a component of gram-negative bacteria, elicits innate immune responses 

through the activation of the toll-like receptor 4 (TLR4), in a complex pathway that involves 

the use of additional receptors and accessory molecules. These include CD14, 

lipopolysaccharide binding protein (LBP), and Myeloid differentiation factor 2 (MD-2) (Lu et 

al., 2008).  

Plasma levels of LPS and bacterial 16S ribosomal RNA (16S rRNA) gene copy numbers have 

been used as direct markers of bacterial translocation; whereas, LBP, sCD14 (the soluble 

version of the CD14 surface receptor released upon monocyte activation), and endotoxin core 

antibodies (EndoCAb) are used as indirect markers of microbial translocation (Marchetti et al., 

2013). Elevated plasma levels of LPS, LBP, sCD14, and bacterial 16S rRNA gene copy 

numbers in PLWH compared to HIV-1 uninfected controls have been reported (Lien et al., 

1998, Brenchley et al., 2006, Jiang et al., 2009, Nowroozalizadeh et al., 2010, Younas et al., 

2019). In addition, studies conducted predominantly in Caucasians found elevated plasma 

levels of LPS, LBP, sCD14, and reduced EndoCAb to be associated with heightened T cell 

activation, low CD4+ T cell count, poor CD4+ T cell reconstitution after ART, high viral load, 

and disease progression (Lien et al., 1998, Brenchley et al., 2006, Marchetti et al., 2008, 

Nowroozalizadeh et al., 2010, Marchetti et al., 2011, Reus et al., 2013, Pilakka-Kanthikeel et 

al., 2014). Microbial translocation studies in African population groups have often yielded 

conflicting results. In South Africa, Kenya, and Guinea-Bissau, associations between HIV-1 
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infection and elevated plasma levels of LPS have been reported (Lester et al., 2009, Cassol et 

al., 2010, Nowroozalizadeh et al., 2010). However, in Ugandan PLWH, circulating levels LPS, 

EndoCAb, and sCD14 did not associate with HIV-1 disease progression (Redd et al., 2009). 

Antiretroviral therapy has been shown to reduce levels of microbial translocation, with the 

levels being lower in PLWH 48 weeks post initiation of ART (Brenchley et al., 2006) or in 

ART-treated compared to ART-naïve PLWH (Cassol et al., 2010).   

A subset of PLWH termed elite controllers are able to naturally suppress the HIV-1 viral load 

(VL) to undetectable levels (<50 RNA copies/ml) in the absence of ART. Whereas, another 

subset known as long term non-progressors (LTNPs) are able to tolerate high viral loads (HVL, 

generally >10,000 RNA copies/ml) while maintaining CD4+ T cell counts >500 cells/µl for 

extended periods of time (>7 years) in the absence of ART (Gurdasani et al., 2014). Such HVL 

LTNPs are a rare phenotype, which display similar characteristics to simian immunodeficiency 

virus (SIV)-infected nonhuman primates that do not progress to AIDS (Silvestri et al., 2003, 

Choudhary et al., 2007, Rotger et al., 2011, Koor et al., 2019).  

Elite controllers are an important study model for understanding and identifying factors that 

underlie natural control that can inform strategies for attaining a functional cure. However, 

despite having undetectable viral loads, some elite controllers experience a progressive decline 

of CD4+ T cells (Hunt et al., 2008, Leon et al., 2015). Additionally, they are at higher risk of 

serious non-AIDS-defining illnesses than HIV-1 uninfected individuals (Pereyra et al., 2012). 

Markers of microbial translocation have been shown to independently predict clinical outcomes 

in HIV-1 controllers (Leon et al., 2015). Th17 cells play a crucial role in the maintenance of 

the integrity of the intestinal epithelial barrier (Liu et al., 2009). Despite the findings that elite 

controllers have a higher frequency of Th17 cells compared to healthy HIV-1 uninfected 

individuals and PLWH on ART (Kim et al., 2014, Caetano et al., 2020), evidence of microbial 

translocation in these individuals has been reported. Levels of sCD14 and LBP have been 

shown to be lower in elite controllers when compared to HIV-1 progressors, however, 

compared to HIV-1 uninfected individuals, only levels of sCD14 and levels of LPS have been 

shown to be higher (Brenchley et al., 2006). Elevated plasma levels of LPS have also been 

associated with high levels of CD8+ T cell activation and CD4+ T cell depletion in HIV-1 

controllers (Hunt et al., 2008). However, no differences in levels of LPS and sCD14 were seen 

between elite controllers and healthy HIV-1 uninfected individuals (Kim et al., 2014), 

including a study in Uganda, which did not find differences in LPS, LBP, and EndoCAb levels 

between PLWH with different HIV-1 clinical phenotypes (Redd et al., 2009).  
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Soluble intestinal fatty acid binding protein (I-FABP), a commonly used marker of intestinal 

damage, is reportedly higher in HIV-1 progressors, including virologically suppressed ART-

treated PLWH, compared to healthy HIV-1 uninfected individuals and elite controllers (Cheru 

et al., 2018, Isnard et al., 2020). In a separate study however, no difference in I-FABP levels 

between PLWH and HIV-1 uninfected controls was reported (Younas et al., 2019). 

Correlations between I-FABP levels and markers of microbial translocation and immune 

activation have been inconsistent (Romero-Sanchez et al., 2012, Hunt et al., 2014, Cheru et al., 

2018, Isnard et al., 2020). Recently, a study found elevated plasma levels of regenerating islet-

derived protein 3α (REG3α), a C-type lectin constitutively expressed in the Paneth cells in the 

small intestine, in PLWH including elite controllers (Isnard et al., 2020). Although I-FABP 

levels correlated positively with REG3α in this study, REG3α but not I-FABP, correlated with 

markers of HIV-1 disease progression, microbial translocation, immune activation, and 

inflammation (Isnard et al., 2020).  

Compared to studies of microbial translocation in PLWH of European descent, there are only 

a handful of studies that have been conducted in African populations. Furthermore, given some 

of the inconsistent findings across studies, there is a need to gain better insight into the 

molecules that are touted as plasma markers associated with microbial translocation, their 

relevance as markers in different populations, and factors that may influence their expression. 

In this study, we have quantitated plasma levels of select innate immune molecules that are 

reported to be altered as a consequence of bacterial translocation (LBP, sCD14, REG3α), or 

important in interacting with TLR4 (MD-2), in ART-naïve black South African elite 

controllers, HVL LTNPs and progressors, as well as in healthy HIV-1 uninfected controls.  

 

5.2  Methods  

5.2.1  Study participants  

Our study was conducted on four groups of individuals from the black South African 

population –HIV-uninfected controls (HUCs), elite controllers, HVL LTNPs, and progressors. 

This design allows us to compare PLWH who, in the absence of ART, spontaneously control 

their VLs to <50 RNA copies/ml, and a very rare group of individuals who maintain CD4+ T 

cell counts >500 cells/µl despite high VLs, and those who have progressive infection at the 

time of recruitment. These represent extremes in terms of clinical parameters of VL and CD4 

counts. The study of extreme phenotypes is highly informative despite smaller sample sizes.  
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The absence of any known co-infections was a recruitment criterion of both PLWH and 

uninfected individuals. HIV-1 uninfected controls (n=17) were volunteers recruited from the 

National Institute for Communicable Diseases, Johannesburg between September 2019 and 

January 2020.  

Elite controllers (n=44) were defined as individuals, who in the absence of ART, have the 

ability to suppress viral loads to <50 RNA copies/ml of plasma and have CD4+ T cell counts 

>500 cells/μl (with the exception of a small number (n=4) where CD4+ T cell counts had fallen 

below 500 cells/μl). The definition was not based on duration of viral suppression. The majority 

of elite controllers had at least two VL tests performed 6 months apart with VL <50 RNA 

copies/ml (n=39). Five elite controllers had only one VL test with VL <50 RNA copies/ml. Of 

the 44 elite controllers, 26 were recruited between 2011 and 2018 from different sites in 

Johannesburg (JHB), Gauteng province (Chris Hani Baragwanath Hospital, Helen Joseph 

Hospital, and Life Brenthurst Hospital), and the remaining 18 were recruited from two 

eThekwini primary health clinics (Lancers Road and Chesterville) in Durban, KwaZulu-Natal 

(KZN) province between 2015 and 2017. The HVL LTNPs (n=12), recruited from 

Johannesburg sites, were defined as PLWH with the ability to maintain CD4+ T cell counts 

>500 cells/µl in the presence of VL >10,000 RNA copies/ml of plasma for >7 years without 

the use of ART.  

Progressors (n=24) were defined as PLWH with CD4+ T cell counts <200 cells/µl and 

requiring initiation of ART. Samples were collected prior to commencement of ART. Like elite 

controllers, progressors were also recruited from both the Johannesburg (n=12) and the Durban, 

KZN sites (n=12), in 2015 and 2017, respectively. Progressors were selected to match the viral 

loads of the HVL LTNPs (2 progressors, one each from JHB and KZN, for every one HVL 

LTNP). Since progressors were enrolled into the study on initial diagnosis there were no data 

available regarding the duration of their infection. Concerted effort was however made to enrol 

younger individuals to control for individuals that may have been infected for extended periods 

without ART (i.e., may have exhibited viral control or suppression). 

Viral loads (HIV-1 RNA levels) in plasma were determined using the COBAS® 

AmpliPrep/COBAS® Taqman® HIV-1 test, v1.5 and v2.0 ultrasensitive tests (Roche 

Diagnostic Systems, Inc., New Jersey, USA). The FACSCount System from Becton Dickinson 

(San Jose, California, USA) was used to determine CD4+ T cell counts in whole blood.  
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5.2.2  Quantification of LBP, sCD14, MD-2, and REG3α plasma levels   

EDTA-anticoagulated whole blood samples were collected and processed within 6 hours of 

collection through centrifugation to collect plasma, which was stored at – 80 °C until use. The 

fasting status of the participants at the time of blood collection was not determined. Enzyme-

linked immunosorbent assay (ELISA) assays were used to quantify plasma levels of LBP 

(Hycult Biotech, Uden, the Netherlands), sCD14 (R&D Systems, Minneapolis, Minnesota, 

USA), MD-2 (Sigma-Aldrich, Saint Louis, Missouri, USA) and REG3α (Novus Biologicals, 
Centennial, Colorado, USA), as per the respective manufacturer’s instructions. The limits of 

detection for the LBP, sCD14, MD-2, and REG3α ELISA kits were 4.4 ng/ml, 250 pg/ml, 1.6 

ng/ml and 15.63 pg/ml, respectively. Samples were assayed in duplicate, and the Versamax 

microplate reader (Molecular Devices, San Jose, California, USA) was used to measure optical 

density (OD) at an absorbance of 450 nm and 540 nm, and results expressed as ng/ml.   

5.2.3  Statistical analysis  

GraphPad Prism version 8.01 for Windows (GraphPad Software, La Jolla, California, USA) 

and Statistica™ software (TIBCO Software, Palo Alto, California, USA) were used for 

statistical analyses. The Mann-Whitney U test was used for comparisons of plasma levels of 

LBP, sCD14, MD-2 and REG3α between two groups and the Kruskal-Wallis test was used for 

comparisons between three or more groups, with p values <0.05 considered statistically 

significant. The false discovery rate (FDR) approach was used to correct for multiple 

comparisons. FDR was calculated using the two-stage linear step-up procedure of Benjamini, 

Krieger and Yekutieli and adjusted p values <0.05 were considered statistically significant. 

Both unadjusted and FDR-adjusted p values are reported when applicable. The Spearman 

correlation coefficient was used to assess relationships between age, CD4+ T cell count and 

viral load with plasma levels of LBP, sCD14 and REG3α and the relationships between the 

respective markers.  

 

5.3  Results 

5.3.1  Characteristics of the study participants  

The characteristics of the HIV-1 uninfected controls, elite controllers, HVL LTNPs and 

progressors are shown in Table 5.1. The HIV-1 uninfected controls (52.9% females) had a 

median age of 32 [interquartile range (IQR): 27.5-44.5] years. Elite controllers (ECs), HVL 

LTNPs and progressors were predominantly female, with at least 70% in each group (p>0.05). 
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The median age of the elite controllers and HVL LTNPs was 39 (IQR: 31-44) years and 39.5 

(IQR: 33.3-46.5) years, respectively. Progressors had a median age of 29.5 (IQR: 27-36.3) 

years. The HIV-1 uninfected controls were significantly younger than the JHB ECs (p=0.030) 

but similar in age to total elite controllers, HVL LTNPs and progressors. Progressors were 

significantly younger compared to elite controllers (p=0.029). Furthermore, elite controllers 

and progressors recruited from KZN were significantly younger than elite controllers and 

progressors recruited from JHB (p=0.001, p=0.020, respectively).  

KZN ECs had significantly higher CD4+ T cell counts compared to the JHB ECs (p=0.002). 

All elite controllers had undetectable viral loads (<50 RNA copies/ml) at the time of conducting 

the assays, with the exception of one individual recruited from JHB (VL=165 RNA copies/ml). 

Progressors were selected to match the HVL LTNPs in terms of their VLs, hence levels were 

not statistically different.  

 

 

 

 

5.3.2  Plasma levels of LBP, sCD14, MD-2, and REG3α  

Plasma levels of LBP, sCD14, MD-2, and REG3α were quantitated in HIV-1 uninfected 

controls, elite controllers, HVL LTNPs, and progressors. The levels of LBP did not differ 

significantly between any groups, although progressors had a larger spread of data points 

(Figure 5.1A). Soluble CD14 was substantially higher in progressors compared to HIV-1 

uninfected controls (p=0.0001, FDR-adjusted p=0.0002), elite controllers (p<0.0001, FDR-

adjusted p<0.0001), and HVL LTNPs (p=0.0005, FDR-adjusted p=0.0005), with no 

Study group N 
Sex 

(% female) 

Age (years) 
Median 

(IQR)
3
 

Years 
since 

diagnosis 
Median (IQR) 

 CD4+ T cell count 
(cells/µl) 

Median (IQR) 
Viral load 

(RNA copies/ml) 

HIV-1 uninfected 
controls5 17 52.9 32 (27.5-44.5) N/A ND N/A 

Elite controllers 44 72.7 39 (31-44) 3 (2 – 6.5) 829 (625-1 048) <50 

JHB 26 73.1 42 (37-47) 6 (2.75-8.5)6 647 (551-848) <50
1
 

KZN 18 72.2 31 (26-39) 2 (2-3)7 980 (842-1 150)
4
 <50 

HVL LTNPs 12 75 39.5 (33-46.5) 7 (7-8) 661 (611-780) 38 393 (12 393 – 79 573) 

Progressors 24 70.8 29.5 (27-36) ND 156  (92-173) 37 302 (13 375 – 80 928) 

JHB 12 66.7 35 (27-41) ND 163 (94-219)2 37 302 (12 952 – 85 661) 

KZN 12 75 27 (26-31) ND 151 (89-181) 38 900 (13 375 – 78 550) 

1
One JHB EC had a viral load of 165 RNA copies/ml at the time of assay.

2
No CD4+ T cell count for one JHB progressor. 

3
Progressors 

were significantly younger than elite controllers (p=0.029), KZN ECs and progressors were significantly younger than JHB ECs and 

progressors (p=0.001 and p=0.020, respectively). 
4
KZN ECs had significantly higher CD4+ T cell count than JHB ECs (p=0.002). 5HIV-

1 uninfected controls significantly younger than JHB ECs (p=0.030). 6Data not available for 8 of the 26 JHB elite controllers. ND: not 

done. 

Table 5.1: Characteristics of study participants.  
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differences between HIV-1 uninfected controls, elite controllers and HVL LTNPs (Figure 

5.1B). Only 28 of our total study participants (n=97) had detectable levels of MD-2. The 

proportion of individuals with undetectable MD-2 plasma levels was not significantly different 

between HIV-1 uninfected controls, elite controllers, HVL LTNPs, and progressors (Fisher’s 

exact test, Figure 5.2A). Levels of MD-2 were not significantly different between the study 

groups when all individuals including those with undetectable levels were compared (Figure 

5.1C).  However, there was a strong trend of lower levels of MD-2 in elite controllers compared 

to HIV-1 uninfected controls (p=0.062; Figure 5.1C), which was lost after controlling for FDR. 

When individuals with undetectable levels of MD-2 were excluded, elite controllers had 

significantly lower levels of MD-2 compared to HIV-1 uninfected controls (p=0.011, Figure 

5.2B), however this difference was reduced to a trend after controlling for FDR (FDR-adjusted 

p=0.070). Plasma levels of REG3α were unexpectedly significantly lower in progressors than 

in elite controllers (p=0.007, FDR-adjusted p=0.036) and in HVL LTNPs (p=0.018, FDR-

adjusted p=0.046, Figure 5.1D), the opposite of what has previously been reported (Isnard et 

al., 2020). Levels of REG3α in elite controllers and HVL LTNPs were not significantly 

different from HIV-1 uninfected controls (Figure 5.1D. Therefore, only sCD14 levels reflected 

the expected increased immune activation that occurs with more progressive infection and 

increased microbial translocation.  
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Figure 5.1: Comparisons of plasma levels of (A) LBP, (B) sCD14, (C) MD-2, and (D) REG3α 

between HIV-1 uninfected controls (HUCs), elite controllers (ECs), high viral load long-term non-

progressors (HVL LTNPs), and progressors. Each dot represents a single individual, and the 

horizontal lines represent the median and interquartile ranges. Kruskal-Wallis test was used to test 

for statistical significance. FDR-adjusted p values for sCD14 comparison from left to right: 

p=0.0002, p<0.0001 and p=0.005. FDR-adjusted p values for REG3α comparison from left to right: 

p=0.036, and p=0.046. 

D. REG3α 
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5.3.3  Sex differences and plasma levels of LBP, sCD14, MD-2, and REG3α  

Sex differences have been shown to influence constitutive expression levels of various genes 

in different tissues (Oliva et al., 2020) and impact innate and adaptive immunity (Klein and 

Flanagan, 2016). In PLWH, women are at higher risk of progression to AIDS for the same viral 

load as men (Farzadegan et al., 1998, Scully, 2018), however elite controllers are more likely 

to be female than male (Yang et al., 2017). We therefore compared plasma levels of LBP, 

sCD14, MD-2, and REG3α between males and females in our study groups. Females had a 

trend of higher LBP plasma levels compared to males in elite controllers (p=0.059; Figure 

5.3A). No significant sex-specific differences were seen in levels of sCD14 (Figure 5.3B) or 

of MD-2 (Figure 5.3C). However, there was a trend of elevated MD-2 in female compared to 

male progressors (p=0.053, Figure 5.3C) when all individuals including those with 

undetectable levels were compared. This analysis however, could not be performed when 

individuals with undetectable levels were excluded, due to all male progressors having 

undetectable levels of MD-2. Interestingly, REG3α showed marked differences with respect to 

sex, with significantly higher levels in females compared to males in all the study groups 

(Figure 5.4A, HIV-1 uninfected controls and elite controllers, p<0.0001; HVL LTNPs, 

p=0.036; progressors, p=0.005).  
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Due to the sex differences observed in LBP (trend in elite controllers) and REG3α plasma 

levels (in all study groups), we also independently compared females and males across the 

groups. Plasma levels of LBP in males or females were not significantly different between any 

groups (Figure 5.3A). Regardless of the marked sex differences seen in plasma levels of 

REG3α, both male and female elite controllers (males, p=0.029; females, p=0.006) and HVL 

LTNPs (males, p=0.016; females, p=0.020) had significantly higher plasma levels of REG3α 

compared to male and female progressors, respectively (Figure 5.4B). When controlled for 

FDR, these significant differences were lost in males but not in females (elite controllers, FDR-

adjusted p=0.020; HVL LTNPs, FDR-adjusted p=0.021). This was likely due to the smaller 

numbers of males in our study. The stratification by sex also revealed significantly higher 

REG3α plasma levels in HIV-1 uninfected controls (Figure 5.4B) compared to progressors in 

females (p=0.015; FDR-adjusted p=0.021), and a trend in males (p=0.051). Therefore, there 

was no evidence of increased systemic levels in more progressive infection. 
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Figure 5.3: Comparisons of plasma levels of (A) LBP, (B) sCD14, and (C) MD-2 between males (M) and 

females (F) in HIV-1 uninfected controls (HUCs), elite controllers (ECs), high viral load long term non 

progressors (HVL LTNPs), and progressors. Mann-Whitney U-tests were conducted to test for significance. 

Each dot represents a single individual and the horizontal lines represent the median and interquartile ranges.  
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Figure 5.4: Comparisons of plasma levels of REG3α (A) between males (M) and females (F) in 

HIV-1 uninfected controls (HUCs), elite controllers (ECs), high viral load long-term non progressors 

(HVL LTNPs), and progressors. Mann-Whitney U-tests were conducted to test for significance. P 

values <0.05 are considered statistically significant. (B) Comparisons of REG3α plasma levels 

between female HUCs, ECs, HVL LTNPs and progressors and comparisons between male HUCs, 

ECs, HVL LTNPs and progressors. Kruskal-Wallis tests were conducted to test for significance. 

FDR-adjusted p values from left to right in females: p=0.021, p=0.020 and p=0.021, in males all 

FDR-adjusted p>0.05. Each dot represents a single individual and the horizontal lines represent the 

median and interquartile ranges.  
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5.3.4  Plasma level differences (LBP and sCD14) among elite controllers according to site 

(JHB, KZN)  

Elite controllers are a heterogeneous group of PLWH exhibiting differences in virological, 

immunological, and clinical characteristics (Navarrete-Muñoz et al., 2020). Since our elite 

controllers and progressors were recruited from two different provinces and considering that 

the KZN EC group was significantly younger and had higher CD4+ T cell counts compared to 

the JHB ECs, we therefore, in addition, stratified the elite controllers and progressors according 

to site to compare the plasma levels of the study biomarkers. Compared to the combined groups 

comparisons (Figure 5.1), all significant relationships identified were maintained in both JHB 

and KZN ECs and progressors when analysed separately (data not shown), with one exception 

and some additional differences that were unmasked. No significant differences in plasma 

levels of LBP, sCD14, MD-2, and REG3α were observed between JHB and KZN progressors. 

However, levels of both LBP (Figure 5.5A) and sCD14 (Figure 5.5B) were significantly 

higher in KZN ECs compared to JHB ECs (p=0.009 and p=0.02, respectively). On the other 

hand, levels of MD-2 (even when individuals with undetectable levels were excluded), and 

REG3α were similar (Figure 5.5C and 5.5D), although the KZN ECs had a broader range of 

REG3α. Additionally, the JHB ECs had significantly reduced LBP (p=0.035) and sCD14 

(p=0.023) levels compared to HIV-1 uninfected controls, and reduced sCD14 levels compared 

to HVL LTNPs (p=0.041, Figure 5.5E and 5.5F). This was not unexpected given the 

differences in LBP and sCD14 levels observed between JHB and KZN ECs (Figure 5.5A and 

5.5B). The differences in sCD14 plasma levels in JHB ECs compared to HIV-1 uninfected 

controls and HVL LTNPs were lost after correction for FDR.  

5.3.5  Correlations between LBP, sCD14, and REG3α plasma levels 

Correlations between plasma levels of LBP, sCD14, REG3α, and with age and CD4+ T cell 

count in the combined study groups, and when stratified by sex and recruitment site, are shown 

in Figure 5.6. In the total group of HIV-1 uninfected controls, there were no significant 

correlations between the levels of any of the plasma markers. However, when stratified by sex, 

a significant negative correlation between LBP and sCD14 was seen in males (r=-0.738, 

p=0.037). This relationship was however opposite in the presence of HIV-1 infection. LBP 

positively correlated with sCD14 in elite controllers (r=0.593, p<0.0001), a relationship 

predominantly due to elite controllers recruited from JHB (r=0.616, p=0.005), and in total 

progressors (r=0.483, p=0.017). LBP also showed a very strong positive correlation with 

REG3α in HVL LTNPs (r=0.888, p=0.0003) and a more moderate correlation in elite 
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controllers (r=0.440, p=0.003), which was also maintained when the elite controllers were 

stratified by recruitment site (JHB ECs, r=0.398, p=0.044; KZN ECs, r=0.494, p=0.037). These 

relationships were strongly driven by female sex (HVL LTNPs, r=0.867, p=0.005; elite 

controllers, r=0.399, p=0.024). The KZN female elite controllers (r=0.571, p=0.045) were the 

main contributors to the latter correlation, with significance lost in the JHB female elite 

controllers.  

No significant correlations were observed between REG3α and sCD14, in the subgroups of 

PLWH regardless of the stratification by the site of recruitment or sex.  
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Figure 5.5: Comparisons of plasma levels of (A) LBP, (B) sCD14, (C) MD-2, and (D) REG3α 

between Johannesburg (JHB) elite controllers (ECs) and KwaZulu-Natal (KZN) ECs, (E) LBP 

plasma levels compared between HIV-1 uninfected controls (HUCs) and ECs from the JHB cohort, 

(F) soluble CD14 plasma levels compared between HIV-1 uninfected controls (HUCs), ECs and 

high viral load long-tern non-progressors (HVL LTNPs) in the JHB cohort (Kruskal-Wallis test – 

FDR-adjusted p > 0.05). Each dot represents a single individual and the horizontal lines represent 

the median and interquartile ranges. P values <0.05 are considered statistically significant.  
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Figure 5.6: Relationships between plasma levels of LBP, sCD14, and REG3α, and with age and 

CD4+ T cell count. Correlations were done by Spearman's rank correlation coefficient. (A) Total 

HIV-1 uninfected controls, elite controllers, Johannesburg (JHB) ECs, KwaZulu-Natal (KZN) ECs, 

high viral load long-term non-progressors (HVL LTNPs), progressors, JHB progressors and KZN 

progressors. (B) Females and (C) Males. The colours represent the direction and strength of the 

correlation with blue representing a negative correlation (r<0), red representing a positive correlation 

(r>0) and white representing a lack of correlation (r=0). *p<0.05. ND: CD4+ T cell counts not done 

for HIV-1 uninfected controls.  
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5.3.6  Correlations between age, CD4+ T cell count, viral load, and LBP, sCD14, and 

REG3α plasma levels 

Given the significant difference seen in age between elite controllers and progressors, and 

CD4+ T cell counts in JHB and KZN ECs, we also investigated the relationship between age 

and CD4+ T cell counts with the plasma levels of LBP, sCD14, MD-2, and REG3α (Figure 

5.6). LBP plasma levels negatively correlated with age in male progressors (p=-0.793, 

p=0.033). No correlations were seen between age and plasma levels of REG3α in all groups, 

but a weak negative correlation between plasma levels of sCD14 and age was seen in the total 

group of PLWH (r=-0.255, p=0.023, Figure 5.7A). 

Levels of LBP (r=0.306, p=0.043) and sCD14 (r=0.423, p=0.004) positively correlated with 

CD4+ T cell counts in elite controllers, also present when elite controllers were stratified by 

the site of recruitment in the JHB ECs (r=0.420, p=0.033) (Figure 5.6). When stratified by sex, 

plasma levels of LBP negatively correlated with CD4+ T cell counts in female progressors (r=-

0.544, p=0.029) and the sCD14 correlations with CD4+ T cell counts remained in females in 

the total group of elite controllers (r=0.421, p=0.01) and in the JHB ECs (r=0.465, p=0.045), 

but they were less significant. These correlations between LBP and sCD14 plasma levels with 

CD4+ T cell counts in elite controllers and sCD14 with age in the total group of PLWH could 

explain why we observed differences in the plasma levels of LBP and sCD14 between JHB 

and KZN ECs. Furthermore, REG3α plasma levels positively correlated with CD4+ T cell 

counts in HVL LTNPs (r=0.601, p=0.043), this correlation was also present in the total group 

of PLWH (r=0.338, p=0.002, Figure 5.7Error! Reference source not found.B).  

There were no significant correlations observed between viral load and the plasma levels of 

LBP, sCD14, and REG3α in either HVL LTNPs or progressors even when analysed according 

to sex (Figure 5.7C). 
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Figure 5.7: Correlations between (A) age and plasma levels of sCD14 in the total group of people living 

with HIV (PLWH), (B) CD4
+
 T cell count and plasma levels of REG3α in the total group of PLWH, and 

(C) viral load and plasma levels of LBP, sCD14, and REG3α in the total group of high viral load long term 

non progressors (HVL LTNPs) and progressors, and in females and males. The colours represent the 

direction and strength of the correlation with blue representing a negative correlation (r<0), red 

representing a positive correlation (r>0) and white representing a lack of correlation (r=0).  

A. sCD14 B. REG3α 

C. Viral load  

0 1000 2000 3000 4000 5000

0

20

40

60

80

sCD14 (ng/ml)

A
g
e

r=-0.255
p=0.023

Total

LBP

sCD14

REG3α

Females

LBP

sCD14

REG3α

Males

LBP

sCD14

REG3α

0 10 20 30

0

500

1000

1500

2000

REG3 (ng/ml)

C
D

4
+
 T

 c
e
ll 

c
o

u
n
t 
(c

e
lls

/
l)

r=0.338
p=0.002

Spearman r 

  -1              0              1 



132 

 

5.4  Discussion 

Immune activation is a predictor of HIV-1 disease progression (Giorgi et al., 1999, Giorgi et 

al., 2002) and the role of microbial translocation in immune activation in PLWH is well 

established (Brenchley et al., 2006, Marchetti et al., 2008, Nowroozalizadeh et al., 2010, 

Marchetti et al., 2011, Reus et al., 2013, Pilakka-Kanthikeel et al., 2014). Although ART has 

been shown to decrease levels of microbial translocation, the levels remain higher in PLWH 

on ART compared to HIV-1 uninfected controls (Brenchley et al., 2006, Cassol et al., 2010). 

While there have been numerous studies on microbial translocation in PLWH, studies in elite 

controllers and long-term non-progressors who maintain CD4+ T cell counts >500 cells/µl 

despite persistently high viral loads (called HVL LTNPs in our study) are limited, especially 

in African populations. We, therefore, quantified select innate immune molecules reported to 

be altered in plasma as a consequence of microbial translocation (LBP, sCD14, REG3α), or 

important in interacting with TLR4 (MD-2) – in black South African elite controllers, HVL 

LTNPs, progressors and healthy HIV-1 uninfected controls.  

Soluble CD14 is a marker of monocyte activation, produced particularly in response to LPS or 

other microbial products binding to cell surface CD14 (Landmann et al., 1996, Shive et al., 

2015). In PLWH, plasma levels of sCD14 independently predict mortality and disease 

progression (Marchetti et al., 2011, Sandler et al., 2011, Leon et al., 2015). Consistent with 

previous studies (Lien et al., 1998, Brenchley et al., 2006, Marchetti et al., 2011), we found 

progressive HIV-1 infection associated with significantly higher sCD14 plasma levels. Similar 

sCD14 levels in elite controllers and HIV-1 uninfected controls have been previously reported 

(Kim et al., 2014) and were also seen in the current study, while higher levels have been 

reported in elite controllers compared to controls in a separate study (Brenchley et al., 2006). 

Interestingly, when elite controllers were stratified by site of recruitment, the JHB elite 

controllers had significantly less sCD14 than KZN elite controllers, a feature that could be 

explained by the younger age of the latter group (as sCD14 correlated negatively with age in 

PLWH). Collectively, findings across all these studies including ours, suggest that the extent 

of monocyte activation in elite controllers represents a spectrum, ranging from those with less 

activation than HIV-1 uninfected controls to those with more elevated levels. Significantly 

elevated T cell activation is demonstrable in many elite controllers (Hunt et al., 2008, Pereyra 

et al., 2012, Picton et al., 2021), however, some studies have found no differences in T cell 

activation relative to HIV-1 uninfected controls (Sandler et al., 2011, Vesterbacka et al., 2017). 

A recent study of ours, studying a small group of HIV-1 controllers (elite controllers, viraemic 
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controllers with VLs <2000 RNA molecules/ml, LTNPs) showed significant T cell activation 

in these individuals but with no concomitant monocyte activation as measured by sCD14 

plasma levels (Picton et al., 2021).  

High VL LTNPs (also referred to as long-term asymptomatic or LTA-HVL; or viraemic non-

progressors or VNPs) are a very rare phenotype in adults LWH. As a result, all studies on this 

subgroup of PLWH have small sample sizes (Choudhary et al., 2007, Rotger et al., 2011, Klatt 

et al., 2014, Negi et al., 2017). To the best of our knowledge, we have the largest group of HVL 

LTNPs described in current literature (n=11) (Gornalusse et al., 2015, Paximadis et al., 2017, 

Picton et al., 2017, Koor et al., 2019), however definitions do differ slightly. Our earlier studies 

did not include an additional case that we have included in the total group here (n=12). The 

host mechanisms that underlie preservation of CD4+ T cells in the presence of high viral loads 

remain to be fully elucidated. Natural nonhuman primate host species of SIV who despite high 

viral loads, preserve their CD4+ T cells, have no chronic immune activation and do not progress 

to simian AIDS (Brenchley et al., 2006, Choudhary et al., 2007). Importantly, they have no 

evidence of microbial translocation (Sandler et al., 2011). Our HVL LTNPs were viral load 

matched to progressors, yet their plasma levels of sCD14 were significantly lower and did not 

significantly differ from elite controllers or HIV-1 uninfected controls, supporting findings 

from previous studies that HVL LTNPs have low immune activation despite high viral loads 

(Choudhary et al., 2007). A study, which investigated a small group of extreme viraemic 

nonprogressors (VL >100,000 RNA copies/ml and CD4 >350 cells/µl for more than 3 years 

without treatment), found sCD14 plasma levels significantly lower in three of the four viraemic 

nonprogressors compared to rapid progressors (Rotger et al., 2011). However, another study 

conducted with Indian participants found that sCD14 plasma levels did not differ between rapid 

progressors, slow progressors (CD4+ T cells >500 cells/µl for >10 years with VL <10,000 

RNA copies/ml) and viraemic slow progressors (n=5, CD4+ T cells >500 cells/µl for >7 years 

with VL >10,000 RNA copies/ml) (Negi et al., 2017). The latter group in this study (Negi et 

al., 2017) is closely aligned with our definition of HVL LTNPs. It is important to note that 

there are differences in ethnicity and environments across these studies and could in part 

account for some of the differences observed. 

Soluble CD14 plasma levels in elite controllers and progressors, but not in HIV-1 uninfected 

controls and HVL LTNPs, correlated positively with plasma levels of LBP, which were not 

significantly different between HIV-1 controllers, progressors and HIV-1 uninfected controls. 

The correlation between LBP and sCD14 is indicative of microbial translocation in elite 
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controllers and progressors, suggesting that although microbial translocation may still be 

occurring in elite controllers, elite controllers have the ability to limit their levels of monocyte 

activation.  

Although MD-2 is not considered a marker of microbial translocation, it is an essential 

molecule required for TLR4-mediated LPS responsiveness (Shimazu et al., 1999). MD-2 is 

either secreted directly as a soluble active protein or directly binds to TLR4 in the endoplasmic 

reticulum before the complex migrates to the cell surface (Visintin et al., 2001). Plasma levels 

of MD-2 have been reported to be elevated in PLWH (Sandanger et al., 2009, Trøseid et al., 

2013). In contrast, we found lower levels of MD-2 in elite controllers compared to HIV-1 

uninfected controls when individuals with undetectable levels were excluded. In addition, the 

comparable levels of MD-2 between HIV-1 controllers and progressors was in keeping with 

similar findings found in another report (Trøseid et al., 2013). It is nonetheless intriguing that 

MD-2 levels show this dichotomy of detectable/high vs undetectable in different individuals, 

regardless of whether living with HIV-1 or not - why this might be remains to be explained. 

This pattern of detectable vs undetectable MD-2 plasma levels has been observed in individuals 

with and without Sickle cell diseases in a study conducted in America (Zhang et al., 2021). 

A recent study demonstrated that REG3α, used as a marker of gut damage, is elevated in the 

plasma of PLWH and highest in untreated progressive infection (Isnard et al., 2020). Elite 

controllers had higher levels compared to HIV-1 uninfected controls, but these were lower 

compared to progressors (Isnard et al., 2020). Contrary to their findings, we found the opposite 

- REG3α plasma levels were significantly higher in elite controllers and HVL LTNPs compared 

to progressors. Our findings were unexpected. The positive correlation between REG3α and 

LBP plasma levels in elite controllers and HVL LTNPs may suggest a link between microbial 

translocation and gut damage in these individuals. However, elite controllers have been shown 

to have lower levels of gut damage, measured by I-FABP when compared to progressors 

(Cheru et al., 2018). Isnard et al. (2020) also found a negative correlation between REG3α 

plasma levels and CD4+ T cell count, whereas we found a positive correlation between REG3α 

plasma levels and CD4+ T cell count in the total group of PLWH, mainly driven by HVL 

LTNPs, suggesting that higher REG3α plasma levels in our HIV-1 controller groups might be 

related to the high CD4+ T cell count in this group. Given that the REG3α plasma levels did 

not differ between HIV-1 uninfected controls and progressors, our findings could also suggest 

that there might be an upregulation of REG3α expression in elite controllers and HVL LTNPs, 

and that progressors are deficient in this regard. Elite controllers have been shown to have a 
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higher frequency of Th17 cells compared to HIV-1 uninfected controls and PLWH on ART 

(Kim et al., 2014, Caetano et al., 2020). Th17 cells are crucial in the maintenance of the 

integrity of the gut barrier, through the production of IL-17 and IL-22. The cytokines IL-17 

and IL-22 are involved in epithelial regeneration, neutrophil recruitment, and the production of 

antimicrobial peptides (Liu et al., 2009). IL-17 and IL-22 are involved in the regulation of 

REG3α expression (Zheng et al., 2008, Lai et al., 2012).  

A major difference between our study and the study that reported elevated plasma levels of 

REG3α in PLWH, including elite controllers compared to HIV-1 uninfected controls, is the 

distribution of males and female study participants (Isnard et al., 2020). In the Isnard et al. 

(2020) study, the participants were predominately male (>80%), while our HIV-1 controllers 

and progressors were predominantly female (>70%), while our HIV-1 uninfected controls had 

an equal distribution of males and females. This prompted us to investigate potential sex 

differences in the plasma levels of REG3α and the other soluble markers. Contrary to previous 

findings in HIV-1 uninfected controls, sCD14 (Reiner et al., 2013, Olson et al., 2020, 

Stanislawski et al., 2021) and MD-2 plasma levels did not show any sex differences. In contrast 

to the findings of Gonzalez-Quintela et al. (2013) that higher LBP plasma levels tended to be 

associated with males, we found no sex differences in LBP plasma levels in HIV-1 uninfected 

individuals, but female elite controllers tended to have higher LBP plasma levels.  

We found in all groups that females had marked and significantly higher levels of REG3α 

compared to males. This is in keeping with higher levels of REG3α found in the small intestine 

tissues in females (n=67) compared to males (n=120) reported in the GTEx (The Genotype 

Tissue Expression project) portal (https://www.gtexportal.org). Our findings suggest that 

homeostatic levels of REG3α in the circulation are higher in females reflecting the same sex-

difference evident in intestinal tissue. We propose that these higher basal levels may, in fact, 

provide protection from excessive activation and counter the effects of microbial translocation 

in elite controllers and the HVL LTNPs, and may also serve to explain why these groups are 

constituted by more females. Nonetheless, what is apparent is that, irrespective of sex, the same 

relationships held in both sexes in that progressors had reduced levels compared to elite 

controllers and HVL LTNPs. However, significance was lost in males when adjusted for 

multiple comparisons. This was perhaps not unsurprising given the smaller numbers of males 

in our study.  

https://www.gtexportal.org/
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Our findings raise important questions about the functional role of REG3α in the context of 

HIV-1 infection. It is a multi-functional protein and aside from its antimicrobial properties, is 

involved in tissue repair, proliferation, apoptosis, and has an anti-inflammatory role in disease 

(Shin and Seeley, 2019, Wang et al., 2022). Our findings suggest that REG3α is not a reliable 

marker of gut damage in our populations of PLWH. We propose that progressors are unable to 

produce sufficient levels of this molecule in the gut (constitutively or in response to 

inflammatory stimuli), even in the presence of microbial translocation, as evidenced by 

increased levels of systemic activation (as measured by sCD14 levels). It may be the sufficient 

levels produced in the two controller groups, which did not differ from uninfected controls, 

that effectively counter immune activation in infection even in the presence of high viral loads 

in the HVL LTNP group. Whether the differences we see compared to the Isnard et al. (2020) 

study can in part be explained by ethnic differences between cohorts studied, or other 

environmental factors such as diet and exposure to pathogens, warrants further investigation. 

An additional point to keep in mind is that the ELISA kits used in our study and in the Isnard 

et al. (2020) study were from different manufacturers (Novus Biologicals vs R&D Systems, 

respectively) and of different type (ready-to-use vs DuoSet development assays, respectively). 

These differences in the ELISA kits used could result in differences in the sensitivity and 

specificity of the assay, however, our range of REG3α plasma levels in males was comparable 

to the range of REG3α plasma levels (>80% males) in the Isnard et al. (2020) study, suggesting 

similar performance of these assays.  

Elite controllers are a heterogeneous group that shows differences in various factors including 

but not limited to levels of residual HIV-1 replication, loss of CD4+ T cells and duration of 

viral control (Navarrete-Muñoz et al., 2020). Our two groups of elite controllers, recruited from 

different sites (JHB and KZN), differed in age and CD4+ T cell count. Taken together with the 

positive correlation between both LBP and sCD14 with CD4+ T cells counts in elite controllers, 

and the negative correlation between age and sCD14 in PLWH, this could explain our finding 

of higher LBP and sCD14 plasma levels in KZN ECs. The importance of CD4+ T cells in 

differentiating between HIV-1 controllers has been shown in a study that stratified their elite 

controllers by the longitudinal data of CD4 percentage (Bansal et al., 2015). They found that 

elite controllers with a high percentage of CD4+ T cells, had lower expression levels of markers 

of immune activation, exhaustion, and immunosenescence on CD8+ T cells compared to elite 

controllers with a low percentage of CD4+ T cells and progressors, but the expression levels 

of the markers were not different compared to HIV-1 uninfected controls (Bansal et al., 2015). 
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The heterogeneity in elite controllers could in part explain the non-consensus findings with 

regards to T cell activation in elite controllers as well as the different findings in the levels of 

markers of microbial translocation in this group. For example, when we excluded the KZN ECs 

and only compared the JHB ECs to HIV-1 uninfected controls, the latter had significantly lower 

levels of both LBP and sCD14, suggesting that this cohort of elite controllers had monocyte 

activation levels lower than the HIV-1 uninfected controls.  

The present study has some limitations worthy of mention. The duration of infection, which 

could influence levels of microbial translocation, was unknown for our cohorts of PLWH. 

Another limitation of this study is that we did not have information on comorbidities and 

lifestyle diseases which potentially impact the immune status and expression levels in our study 

participants. Additionally, we focused on indirect markers of microbial translocation (sCD14 

and LBP), whose plasma levels could be influenced by other factors besides LPS. The inclusion 

of a direct marker of microbial translocation would have helped us better interpret our findings. 

We also did not include an additional well-established marker of intestinal damage along with 

REG3α, which could have provided additional insights into the extent of intestinal damage in 

our study groups. Regardless, our findings suggest that REG3α is not a useful marker of gut 

damage in our populations.  

In conclusion, only plasma levels of sCD14 reflected the increased monocyte activation that 

occurs as a consequence of microbial translocation or other factors that occur with more 

progressive HIV-1 infection. Our findings have raised a number of important points that need 

to be considered with respect to levels of markers indicative of microbial translocation. Firstly, 

there may be differences in baseline levels in different populations that can influence the 

measured outcomes in the presence of HIV-1 infection. These include ethnicity (host genetics), 

and/or geographical location/environment. This was elegantly shown in the Redd et al. (2009) 

study, which highlighted many baseline differences in plasma levels of cytokines between 

uninfected individuals from the United States (predominantly African Americans) compared 

to Ugandan individuals. EndoCAb levels were substantially higher in the uninfected African 

individuals, while sCD14 levels were lower. Overall, in the context of HIV-1 infection, they 

showed no relationship between microbial translocation and disease progression using markers 

LPS, LBP and EndoCAb (Redd et al., 2009). Secondly, similarly as for population difference, 

sex differences in baseline levels cannot be ignored. We show that females have higher plasma 

levels of REG3α compared to males. Lastly, our findings have highlighted the importance of 

gaining a better understanding of the functions of the innate immune molecules themselves, 
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which clearly serve as markers of microbial translocation in some but not all studies. Our 

findings strongly emphasize this point for REG3α, a multi-functional protein with many 

attributes that could contribute towards a protective and anti-inflammatory role. It may be 

induced production and functionality of this molecule that is impaired in progressive HIV-1 

infection, at least in our populations. Understanding the underlying mechanisms involved in 

the innate immune response in PLWH, particularly in rare groups such as elite controllers and 

the HVL LTNPs, will inform therapeutic strategies to reduce virus replication as well as the 

hazards of persistent immune activation.  
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CHAPTER 6                                                                          

Summarising discussion and conclusion 
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Although antiretroviral therapy (ART) has significantly increased the life expectancy of people 

living with HIV-1 (PLWH), morbidity and mortality from both AIDS and non-AIDS defining 

illnesses remain higher in PLWH than in the general population (Sandler and Douek, 2012, de 

Coninck et al., 2018). Higher morbidity and mortality have been associated with immune 

activation and inflammation that persist even in those on suppressive ART (Hunt et al., 2016). 

Microbial translocation has been identified, among other factors, as a major cause of persistent 

immune activation and inflammation in PLWH (Brenchley et al., 2006). This phenomenon, 

however is not limited to HIV-1 infection, microbial translocation has also been implicated in 

obesity, diabetes,  inflammatory bowel diseases (IBD), hepatitis B and C virus infections, fatty 

liver disease, pancreatitis, and cardiovascular diseases (Creely et al., 2007, Pussinen et al., 

2011, Brenchley and Douek, 2012). 

A small subset of PLWH can naturally control HIV-1 infection without the use of ART and are 

collectively known as HIV-1 controllers. These individuals comprise elite controllers (ECs) 

who naturally suppress the HIV-1 viral load (VL) to <50 RNA copies/ml (undetectable), 

viraemic controllers (VCs) who suppress the VL to <2000 RNA copies/ml, and high viral load 

long term non-progressors (HVL LTNPs) who can maintain CD4+ T cell counts >500 cells/µl 

in the presence of VL>10 000 RNA copies/ml for more than 7 years. Some studies have found 

no differences in immune activation levels between elite controllers and healthy HIV-1 

uninfected individuals (Sandler et al., 2011, Vesterbacka et al., 2017). Other studies, however 

have reported higher levels of immune activation in elite controllers than ART-treated PLWH 

and healthy HIV-1 uninfected individuals (Hunt et al., 2008, Pereyra et al., 2012, Picton et al., 

2021), suggesting that these individuals also remain at a higher risk of non-AIDS-defining 

illnesses (Pereyra et al., 2012). Elite controllers are a heterogeneous group; among them, some 

experience inconsistent suppressive control with viral load “blips” (Farmer et al., 2016), while 

others are considered exceptional elite controllers as they achieve viral control and no disease 

progression for more than 25 years (Casado et al., 2020). Nonetheless, HIV-1 controllers, 

specifically elite controllers represent a model for a functional cure, and thus an understanding 

of the contributors to immune activation in these rare individuals has important implications. 

Although evidence of microbial translocation has been seen in HIV-1 controllers (Brenchley 

et al., 2006), these studies are predominantly conducted in Caucasian-based population groups, 

and microbial translocation studies in HIV-1 controllers from African populations are scarce.  

Microbial translocation involves the passage of microbial products such as lipopolysaccharide 

(LPS), lipoteichoic acid (LTA), ribosomal DNA, peptidoglycan, flagellin, and unmethylated 
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CpG-containing DNA from the gastrointestinal tract into the circulatory system  (Alexander et 

al., 1990, Sandler and Douek, 2012). These microbial products elicit innate immune responses 

through the activation of toll-like receptors (TLR1 to TLR10)  resulting in the production of 

pro-inflammatory cytokines such as tumour necrosis factor (TNF), type I interferons, 

interleukin-1β (IL-1β), and IL-6, which can induce inflammation (Sandler and Douek, 2012, 

Kawasaki and Kawai, 2014). The TLR4 signalling pathway, which recognises LPS, and 

requires the use of CD14, LBP, and MD-2 as coreceptors, has been the most extensively studied 

TLR pathway (Lu et al., 2008). In addition to LPS activation via the TLR4 signalling pathway, 

damage-associated molecular patterns (DAMPs) derived from tissue injury can activate the 

TLR4 receptor (Lee and Seong, 2009). The TLR4 signalling pathway, therefore, plays an 

essential role in inflammatory responses in both infectious and non-infectious diseases 

(Molteni et al., 2016). 

Substantial evidence supports that genetic variation and expression levels of the molecules 

required for the activation of the TLR4 receptor by LPS (i.e, LBP, CD14, and MD-2) are 

associated with various immune-related diseases (Hubacek et al., 1999, Opal et al., 1999, 

Kondo et al., 2003, Cook et al., 2004, Gu et al., 2007, Simiantonaki et al., 2007, González-

Reyes et al., 2010, Noreen et al., 2012, Liao et al., 2015a, Vidyant et al., 2019, Xu et al., 2019, 

Meng et al., 2021). Such association studies, however have been predominantly conducted in 

European, American, and Asian populations. Little is known about both the baseline expression 

levels and genetic variation in these molecules in African populations. This provides an 

important rationale for characterising the baseline expression levels of the LPS recognition and 

signalling molecules and the genetic variation in genes encoding these molecules in African 

populations.  

In this thesis, we measured constitutive expression levels of the cell surface TLR4 and CD14 

(mCD14) receptors as well as plasma levels of soluble CD14, LBP, and MD-2, in black and 

white South African populations and investigated the influence of ethnicity, sex, and age on 

these expression levels. We next sought to determine if TLR4 expression on monocytes and 

neutrophils might be differentially regulated post-stimulation with LPS and LTA according to 

population group and sex. Given that African populations exhibit greater genetic variability 

compared with non-African populations (Campbell and Tishkoff, 2008, Tucci and Akey, 

2019), we characterised genetic variation and linkage disequilibrium patterns of the LBP, 

CD14, TLR4, and LY96 genes in only the black South African population and compared to 

select populations from the 1000 Genomes Project – and assessed the representation of the 
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genetic variants in HIV-1 controllers (elite controllers, viraemic controllers, and HVL LTNPs). 

Finally, we measured and compared plasma levels of innate immune molecules considered as 

markers of microbial translocation (LBP, sCD14), gut damage (Reg3α), and a TLR4 signalling 

molecule (MD-2) in black South African elite controllers, HVL LTNPs, progressors, and 

healthy HIV-1 uninfected controls.  

We found that only plasma levels of LBP exhibited population differences, with significantly 

higher levels in black South Africans. Soluble CD14 plasma levels, although not significant, 

showed the opposite of LBP, with a trend of lower sCD14 in black compared to white South 

Africans, consistent with findings from previous studies of lower levels reported in black 

compared to white individuals (Reiner et al., 2013, De Voeght et al., 2016, Olson et al., 2020). 

Due to the lack of a significant positive correlation between the plasma levels of LBP and 

sCD14 (a marker of monocyte activation) in the total group of black South Africans, we 

postulate that the LBP population differences could be due to other factors such as genetic 

differences, environmental and/or lifestyle factors that can affect background inflammation 

levels. To the best of our knowledge, population differences in plasma levels of LBP have not 

been previously reported. In serum of healthy Spanish individuals LBP 

levels correlate positively with levels of the pro-inflammatory cytokines IL-6 and IL-8 

(Gonzalez-Quintela et al., 2013). Levels of systemic inflammation markers including, IL-6, 

CRP, E-selectin, and Fibrinogen are higher in healthy black compared to white individuals 

(Stepanikova et al., 2017), suggesting that background inflammation may be higher in black 

individuals. Furthermore, high levels of LBP in the serum have been associated with type 2 

diabetes as well as risk factors for diabetes such as being overweight, obesity, the presence of 

metabolic syndrome, and low insulin sensitivity in different population groups (Moreno-

Navarrete et al., 2012, Gonzalez-Quintela et al., 2013, Liu et al., 2014, Tilves et al., 2015, Kim 

et al., 2016). The prevalence of obesity and diabetes is higher in black Americans compared to 

their white counterparts (Ogden et al., 2015, Cheng et al., 2019). Likewise, studies conducted 

in South Africa have shown that black South Africans have lower insulin sensitivity, and a 

higher risk of obesity and diabetes compared with white individuals (Goedecke et al., 2009, 

Peer et al., 2018). These differences observed between black and white South Africans could 

be a cause or a consequence of the higher LBP plasma levels in black South Africans observed 

in this study. A limitation of the current study is that we did not obtain demographic 

information such as BMI, weight, and the fasting status at the time of blood collection. These 

factors influence the plasma levels of LBP (Gonzalez-Quintela et al., 2013), and would have 
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helped elucidate whether the differences observed in the LBP expression levels were 

influenced by differences in the demographics, as opposed to genetic differences – naturally it 

could be a combination of the two.  

Interestingly, stimulation with LPS revealed differences in the regulation of TLR4 expression 

between black and white South African individuals. In black South Africans, a decrease in 

TLR4 expression on monocytes and neutrophils was observed, but an increase was observed 

in white South Africans. Among other factors, these differences in response to LPS stimulation 

could be related to the differences in the baseline expression levels of LBP - emphasising that 

baseline differences in expression levels of any molecule involved in LPS responsiveness could 

affect the functionality of the TLR4 receptor. A similar phenomenon was also seen in white 

South Africans, where we observed sex differences in baseline TLR4 expression levels, with 

white females having significantly higher TLR4 expression levels than males. With the 

stratification of white South Africans by sex, the upregulation of TLR4 expression on 

monocytes, and neutrophils by LPS was only present in females, suggesting that there are sex 

differences in TLR4 functionality related to the differences in the baseline TLR4 expression 

levels. These results require future studies to measure cytokines post-stimulation with LPS to 

determine if the population and sex differences observed in the TLR4 expression after LPS 

stimulation translate to immune response differences. Sex differences in TLR4 expression 

(Aomatsu et al., 2013) and response to LPS stimulation have been described (Aulock et al., 

2006, Lefèvre et al., 2012, Aomatsu et al., 2013). Contrary to our findings, a previous study 

found higher TLR4 expression on neutrophils in males compared with females (Aomatsu et 

al., 2013). These data taken together show that there are population differences and population-

specific sex differences, which have potential implications for innate immune responses and 

could result in different outcomes in diseases that are associated with dysregulation of the 

TLR4 signalling pathway.  

Our study is the first to fully describe genetic variation and linkage disequilibrium patterns in 

the LPS recognition and signalling molecules (LBP, CD14, TLR4, and MD-2) in a black South 

Africa population (Chapters 3 and 4). We have identified several novel genetic variants across 

these genes - one, eight, four, and 10 novel variants in the CD14, TLR4, LBP, and LY96 genes, 

respectively. However, most of these novel variants were present in single individuals and thus 

will require verification as true novel variants using other genotyping assays. Although we 

have shown that the variation and LD patterns in these genes, as expected, more closely 

resemble those of the YRI (West Africa) and LWK (East Africa) reference African populations 
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than the European (EUR) and Asian reference populations from the 1000 Genomes Project, 

there were still some significant differences between the SA black population and the African 

reference populations. The South African white population resembles the EUR population from 

the 1000 Genomes Project in other genes studied in our research unit (Paximadis et al., 2021). 

Given the genetic differences observed between the SA black population and the EUR 1000 

Genomes Project population, it is reasonable to speculate that there would be genetic 

differences in the LBP-CD14-TLR4-LY96 gene complex that result in differences in gene 

regulation of the LPS recognition molecules. Having demonstrated population-based 

differences in baseline LBP plasma levels in chapter 2, raises the question whether these 

differences may in part be attributed to differences in gene regulation between the populations. 

Thus, future studies to investigate the influence of genetic variation in these genes with 

expression levels of the respective molecules in healthy individuals are needed - these studies 

would inform us of the functional significance of these variants in the African context. 

Furthermore, genetic variants that are shared by African populations and distinctly different to 

non-African populations, can offer valuable insights into the risk and severity of various 

diseases, which are associated with the LPS recognition and signalling molecules, between 

these population groups. 

Given that polymorphisms in the LPS recognition and signalling molecules have been 

associated with various diseases, we also investigated the representation of the genetic variants 

in these genes in a cohort of black SA HIV-1 controllers and compared them to a background 

HIV-1-unifected SA population (SA controls). To our knowledge, no previous studies have 

investigated the representation of these variants in HIV-1 controllers. We have demonstrated 

that the representations of several variants in these genes are different between HIV-1 

controllers and SA controls. For CD14, we only found minor allele frequency (MAF) 

overrepresentation of a rare regulatory region SNP (rs186291587) in elite controllers compared 

with SA controls, with no differences seen in the other HIV-1 controller subgroups. This CD14 

SNP is not a known expression quantitative trait loci (eQTL) based on the RegulomeDb rank 

of 4. With regard to TLR4, however, several variants were differentially represented between 

HIV-1 controllers and SA controls. Although these differential representations were observed 

in the total group of HIV-1 controllers and elite controllers relative to the SA controls, the most 

significant differences observed were when HVL LTNPs were compared to SA controls, 

suggesting a role of TLR4 in HIV-1 control in the presence of high viraemia. A frameshift 

mutation in the TLR4 gene, of SIV-infected sooty mangabeys, has been suggested to be a factor 
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contributing to the lower immune activation seen in these nonhuman primates despite high 

levels of viral replication (Palesch et al., 2018). The phenotype of HVL LTNPs is similar to 

SIV-infected sooty mangabeys. The most significant differences observed in this study were 

of two SNPs in complete linkage disequilibrium, a newly identified intronic variant (TLR4 NI-

2) and a 3’ UTR SNP rs113017335. Data for the rs113017335 SNP were not available in the 

1000 Genomes Project; however, data from the Genome Aggregation Database (gnomAD; 

https://registry.opendata.aws/broad-gnomad) on Ensembl shows this SNP to be a very rare 

SNP across all populations with a MAF of 0.02% in African populations. Further investigation 

of this variant in larger cohorts is required; however, given the scarcity of HVL LTNPs, it 

would be difficult to do so. According to the miRNASNP-v3 prediction tool, the rs113017335 

SNP is predicted to result in a gain of binding sites for two microRNAs (miRNAs) and a loss 

of binding sites for four miRNAs. Whether or not the loss and gain of these miRNA binding 

sites results in lower or higher TLR4 expression requires experimental determination.   

Contrary to what we saw in the representation of TLR4 variants, for LBP, the differentially 

represented variants were restricted to the total group of controllers, elite controllers, and 

viraemic controllers, with no differences in HVL LTNPs, suggesting potential differences in 

the role of these variants in different modes of HIV-1 control. The most significant difference 

observed was the MAF overrepresentation of the rs1250247980 intronic SNP in the total group 

of HIV-1 controllers and viraemic controllers relative to the SA controls. Interestingly, this 

SNP was absent in the SA control population and present in the HIV-1 controllers, with the 

highest MAF (50%) in viraemic controllers. Although our sample size of viraemic controllers 

was small (n=6), the high MAF of the rs1250247980 SNP suggests that this variant may be 

important in viraemic control of HIV-1. Although no data are available for this SNP in the 

1000 Genomes Project, according to gnomAD on Ensembl, this SNP is a very rare SNP across 

all populations with a MAF of 0.1% in African populations. The high prevalence in the 

viraemic controllers is thus worthy of further investigation using larger cohorts in addition to 

investigating its prevalence in individuals with more progressive HIV-1 infection.   

Comparisons of LY96 genetic variants revealed differentially represented variants in the total 

group of HIV-1 controllers, elite controllers, and HVL LTNPs compared with SA controls, 

with no differences seen in viraemic controllers. The intronic rs149605245 SNP showed the 

most significant association, with MAF overrepresentation in elite controllers compared with 

SA controls - this variant was found only in the elite controller subgroup of HIV-1 controllers 

(MAF: 7.1%) and absent in the SA controls. In the 1000 Genomes Project, this variant is 

https://registry.opendata.aws/broad-gnomad
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restricted to African populations with 4% MAF in the total African population. Again, this 

variant could have functional significance in HIV-1 elite control and is worthy of further 

investigation.  

To evaluate if select genetic variants in the LBP-CD14-TLR4-LY96 gene complex are 

associated with natural control of HIV-1, a more informative comparison would be to compare 

to HIV-1 progressing individuals (i.e., individuals failing to control infection), however, WGS 

data for such individuals were not available in this study. Nonetheless, HIV-1 controllers are 

rare individuals, accounting for less than 5% of PLWH, and elite controllers and HVL LTNPs 

represent less than 1% of PLWH. Taking these percentages into account, we can predict that 

among our SA controls, we are likely to have more individuals who would be HIV-1 

progressors than controllers upon HIV-1 infection. Therefore, variants that are over- or 

underrepresented in HIV-1 controllers relative to the SA controls should not be ignored, and 

should be investigated in larger replication cohorts, ideally including HIV-1 progressors.   

The activation of the TLR4 receptor on the cell surface results in the activation of two 

intracellular signalling pathways (Vaure and Liu, 2014) - the myeloid differentiation factor 88 

(My88) dependent pathway, which results in the early activation of the NF-κβ transcription 

factor, and the TRIF-dependent pathway, which activates the interferon regulatory factor-3 

(IRF3) transcription factor leading to the late activation of the NF-κβ (Maeshima and 

Fernandez, 2013, Vaure and Liu, 2014, Kuzmich et al., 2017). Thus, in addition to the genes 

encoding the receptors and accessory molecules (LBP, CD14, TLR4 and MD-2) required for 

the LPS recognition and signalling playing a role in LPS responsiveness, variants in the 

downstream signalling molecules can also affect innate immune responses to LPS and should 

also be considered in future studies that aim to understand the contribution of genetic variation 

in different populations to this complex yet important pathway.  

Understanding the mechanisms of control in HIV-1 controllers, especially elite controllers will 

help inform future strategies for developing an HIV-1 functional cure. Elite controllers have 

lower levels of LPS, sCD14, and LBP compared with HIV-1 progressors (Brenchley et al., 

2006). However, studies have yielded conflicting results when levels of microbial translocation 

in elite controllers are compared with healthy HIV-1 uninfected controls. Some studies have 

shown higher levels of LPS, sCD14, and LBP in elite controllers compared with HIV-1 

uninfected controls (Brenchley et al., 2006); however, others did not find differences in LPS 

and sCD14 plasma levels between elite controllers and HIV-1 uninfected controls (Kim et al., 
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2014). In this study, we quantified select markers of microbial translocation (LBP, sCD14), 

intestinal damage (REG3α), and a molecule important in interacting with TLR4 (MD-2) in 

black South African elite controllers, HVL LTNPs, progressors, and healthy HIV-1 uninfected 

controls. Plasma levels of LBP and MD-2 did not differ between any groups compared. The 

lack of differences in the plasma level of LBP between elite controllers, HVL LTNPs, 

progressors, and healthy HIV-1 uninfected controls, suggests that LBP may not be a good 

marker of microbial translocation in the South African population.  

In agreement with previous studies (Lien et al., 1998, Brenchley et al., 2006, Choudhary et al., 

2007, Marchetti et al., 2011), plasma levels of sCD14 were higher in progressors compared to 

healthy HIV-1 uninfected controls and HIV-1 controllers (elite controllers, HVL LTNPs). This 

result is consistent with high plasma levels of sCD14 associated with progressive HIV-1 

infection. Previous studies have found sCD14 plasma levels to be independent predictors of 

mortality and disease progression in PLWH (Marchetti et al., 2011, Sandler et al., 2011, Leon 

et al., 2015). Our finding of no difference in sCD14 plasma levels between elite controllers and 

HIV-1 uninfected controls is consistent with previous findings (Kim et al., 2014). However, 

direct comparisons of studies in HIV-1 controllers, specifically elite controllers and HVL 

LTNPs, are difficult due to the heterogeneity of HIV-1 controllers, differences in HIV-1 control 

definitions, and differences in lengths of follow-up. In this study, the heterogeneity of elite 

controllers was evident when elite controllers recruited from different sites in South Africa 

(Johannesburg and KwaZulu-Natal) showed differences in plasma levels of LBP and sCD14. 

Although we could relate the differences to the differences in age and CD4+ T cell count 

between the two groups of elite controllers, these results demonstrate that elite controls can 

differ, not just between populations but also within the same populations. It is noteworthy in 

this regard that previous studies have shown conflicting results concerning levels of T cell 

activation in elite controllers relative to HIV-1 uninfected controls (Hunt et al., 2008, Pereyra 

et al., 2012, Vesterbacka et al., 2017, Picton et al., 2021). Therefore, when comparing or 

extrapolating findings from HIV-1 controllers, the heterogeneity in these individuals should be 

considered.  

In our HVL LTNP subgroup of controllers, regardless of the high viral loads, which normally 

associate with elevated levels of microbial translocation, plasma levels of sCD14 (an indirect 

marker of microbial translocation and marker of monocyte activation) did not differ 

significantly compared to HIV-1 uninfected controls and elite controllers, but were 

significantly lower compared with viral load-matched HIV-1 progressors. This important result 
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suggests that HVL LTNPs have the means to limit microbial translocation-related monocyte 

activation. The HVL LTNP phenotype resembles that of SIV-infected sooty mangabeys. In 

these nonhuman primates that do not progress to AIDS despite high levels of viral replication, 

chronic immune activation and microbial translocation are absent (Brenchley et al., 2006, 

Choudhary et al., 2007). Polymorphisms in the LBP, CD14, TLR4, and LY96 genes may 

modulate immune responses to translocated LPS, and the TLR4 polymorphisms found to be 

differentially represented in the HVL LTNPs relative to healthy controls in Chapter 3 could in 

part be influence the innate immune responses to microbial translocation in HVL LTNPs. 

A study published in 2020, reported for the first time that plasma levels of REG3α, an 

antimicrobial peptide were higher in people living with HIV-1, including elite controllers 

compared with HIV-1 uninfected individuals, however, elite controllers had lower levels 

compared with progressors (Isnard et al., 2020). Unexpectedly, in our study (Chapter 5) we 

found higher plasma levels of REG3α in elite controllers and HVL LTNPs, compared with 

progressors, but the plasma levels did not differ significantly when elite controllers, HVL 

LTNPs and progressors were compared with HIV-1 uninfected controls. These differences 

were maintained in both males and females when our study participants were stratified by sex, 

suggesting that the differences in the distribution of males and females in ours and the Isnard 

et al. (2020) study did not account for the differences in our findings. Another major finding in 

our study was that REG3α plasma levels were significantly higher in females compared to 

males, regardless of the HIV-1 infection status. Given that elite controllers have been shown 

to have lower levels of gut damage compared to progressors as measured by I-FABP, which is 

a well-established marker of intestinal (enterocyte) damage, our results suggest that REG3α 

might not be a good marker of gut damage in the black South African population. In fact, the 

lack of differences in the plasma levels of REG3α between HIV-1 uninfected controls and 

progressors suggests that the REG3α expression might be upregulated in elite controllers and 

HVL LTNPs – seemingly as a protective response that is otherwise impaired in individuals 

with progressive infection. Although population differences and environmental factors such as 

diet and exposure to pathogens could account for the differences observed between our study 

and the Isnard et al. (2020) study, this remains to be investigated. In addition, a limitation of 

this study is that we did not include other markers of gut damage, which would provide 

additional insights into the extent of intestinal damage in our study participants. Therefore, 

future studies to determine the extent of gut damage in these same cohorts are required. 

Furthermore, incorporating studies assessing the influence of genetic variants in the LBP-
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CD14-TLR4-LY96 gene complex on the plasma levels of these soluble markers in HIV-1 

controllers, progressors as well as uninfected controls would be highly informative. Given our 

intriguing findings with REG3α, taking a similar approach as illustrated in Chapters 3 and 4, 

exploring the genetic variation of REG3α may provide important insights into this molecule 

and its expression in different populations, and in the context of HIV-1 infection.   

This study had a number of limitations. Our sample sizes were small, especially for black and 

white South Africans when investigating the influence of sex on the constitutive expression 

levels, and for analyses involving viraemic controllers.  Regardless of the small numbers, our 

findings form a strong basis for future investigations. In addition, we did not correct for 

multiple testing when assessing the representation of LBP, CD14, TLR4, and LY96 genetic 

variants in HIV-1 controllers. Given the high number of genetic variants present in each gene, 

none of our significant associations would have been maintained. However, given the 

exploratory nature of this study, these results are still informative. The addition of HIV-1 

progressors in the cohorts used for the genetic association comparisons would have provided 

additional information on the LBP, CD14, TLR4, and LY96 genetic variants, particularly 

variants under- or over-represented in this group relative to other groups would identify further 

variants that will not necessarily have come to the fore in comparisons of HIV-1 controller 

groups with the SA controls in the context of natural control of HIV-1 infection. Finally, we 

did not include direct markers of microbial translocation or additional markers of intestinal 

damage, these would have given more insights into the state of microbial translocation and gut 

damage in our PLWH and HIV-1 uninfected controls.    

In conclusion, findings from this thesis have substantially expanded our understanding of the 

baseline expression levels and genetic variation in LBP, CD14, TLR4, and LY96 genes in the 

South African context. This work is also the first to show differences in the representation of 

the LBP, CD14, TLR4, and LY96 genetic variants in black South African HIV-1 controllers. In 

addition, our findings highlight the importance of taking ethnicity, sex, and age into 

consideration when measuring levels of these biological markers. Differences in expression 

levels of the TLR4 signalling molecules have implications in the risk and severity of various 

immune-related diseases. Any outcomes of infection/disease reflect a combination of an 

individual’s genotypes and environmental factors which influence phenotypic expression of 

these genotypes. Further understanding of the complex and combinatory interactions that 

underlie regulation of the TLR4 immune axis with its signalling molecules, will help inform 
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strategies to curb persistent immune activation in many disease contexts including that of HIV-

1 infection.  
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Location

on gene

Position

(chr:20)

Accession

number

Base change

(wt/mut)

SA 

(N=87)

YRI 

(N=108)

LWK 

(N=99)

EUR 

(N=503)

EAS

(N=504)

SAS

(N=489)

38346681 rs142875263 G/T 1 (0.6) 0 0 0 7 (0.7) 0

38347074 rs5741813 A/G 81 (46.6) 96 (44.4) 64 (32.3) 135 (13.4) 74 (7.3) 237 (24.2)

38347301 rs866771816 T/C 1 (0.6) 0 0 0 0 0

38347341 rs11536975 G/A 2 (1.1) 3 (1.4) 8 (4) 0 0 0

38347371 rs112363124 T/C 1 (0.6) 0 0 39 (3.9) 5 (0.5) 88 (9)

38347473 rs146512052 G/C 1 (0.6) 2 (0.9) 1 (0.5) 0 0 0

38347624 rs6099228 A/C 68 (39.1) 55 (25.5) 42 (21.2) 16 (1.6) 0 32 (3.3)

38347700 rs7267449 A/G 67 (38.5) 55 (25.5) 42 (21.2) 17 (1.7) 0 32 (3.3)

38347924 rs7267600 A/G 67 (38.5) 55 (25.5) 42 (21.2) 16 (1.6) 0 32 (3.3)

38348258 rs2076807646 C/A 1 (0.6) 0 0 0 0 0

38348300 rs8120088 A/G 68 (39.1) 55 (25.5) 42 (21.2) 16 (1.6) 0 32 (3.3)

38348317 rs766381612 A/AT 1 (0.6) - - - - -

38348353 rs1031122290 G/A 1 (0.6) - - - - -

38348505 rs6123628 C/T 19 (10.9) 9 (4.2) 21 (10.6) 2 (0.2) 138 (13.7) 4 (0.4)

38348544 rs148840294 C/T 1 (0.6) 6 (2.8) 8 (4.0) 0 0 0

38348545 rs899221984 G/T 1 (0.6) - - - - -

38348550 rs6025117 G/C 3 (1.7) 1 (0.5) 0 0 0 0

38348776 rs1491192102 TAG/T 1 (0.6) - - - - -

38348824 rs11536978 C/T 9 (5.2) 15 (6.9) 7 (3.5) 0 0 0

38349121 rs11536940 G/A 29 (16.7) 24 (11.1) 20 (10.1) 14 (1.4) 0 32 (3.3)

38349144 rs140501730 G/A 43 (24.7) 47 (21.8) 35 (17.7) 1 (0.1) 0 0

38349233 rs6092380 G/A 29 (16.7) 31 (14.4) 35 (17.7) 11 (1.1) 1 (0.1) 24 (2.5)

38349344 rs1001474580 C/T 2 (1.1) 0 0 0 0 0

38349684 rs370012899 C/T 1 (0.6) 0 0 0 0 0

38349779 rs533481732 C/T 12 (6.9) - - - - -

38350107 rs6025196 C/T 21 (12.1) 30 (13.9) 8 (4.0) 0 1 (0.1) 0

38350192 rs192827551 G/A 7 (4.0) 2 (0.9) 2 (1.0) 0 0 0

38350280 rs146955220 G/A 3 (1.7) 8 (3.7) 11 (5.6) 0 0 0

38350359 rs2076840912 CA/C 4 (2.3) - - - - -

38350397 rs370151435 A/G 1 (0.6) 1 (0.5) 0 0 0 0

38350608 rs6099236 G/C 80(46.0) 88(40.7) 67(33.8) 845(16.0) 240(23.8) 347(35.5)

38350646 rs5741814 C/T 53 (30.5) 56 (25.9) 46 (23.2) 95 (9.4) 68 (6.7) 150 (15.3)

38350730 rs1780627 T/C 80(46.0) 120(55.6) 99(50.0) 476(52.7) 845(83.8) 745(76.2)

38350967 rs2232584 G/A 1 (0.6) 2 (0.9) 1 (0.5) 0 0 0

38351111 rs5741815 T/C 76 (43.7) 87 (40.3) 65 (32.8) 132 (13.1) 52 (5.2) 230 (23.5)

38351189 rs112288993 C/T 6 (3.4) - - - - -

38351261 rs6025082 T/C 1 (0.6) 2 (0.9) 8 (4.0) 0 0 0

38351384 rs149349880 TA/T 40 (23.0) 38 (17.6) 34 (17.2) 1 (0.1) 0 0

38351393 rs376769663 C/T 7 (4.0) 0 0 0 0 0

38351418 rs1057402282 A/G 2 (1.1) - - - - -

38351619 rs6025119 G/A 3 (1.7) 4 (1.9) 0 0 0 0

38351693 rs1259960883 G/T 13 (7.5) - - - - -

38352038 rs1375812198 T/TA 1 (0.6) - - - - -

38352050 rs144933085 C/G 2 (1.1) 2 (0.9) 1 (0.5) 0 0 0

38352311 rs1046104659 T/A 1 (0.6) 0 0 0 0 0

38352580 rs6099254 T/C 51 (29.3) - - - - -

38352668 rs6099309 G/T 39 (22.4) 64 (29.6) 54 (27.3) 84 (8.3) 66 (6.5) 194 (19.8)

38352669 rs145718383 C/T 1 (0.6) 2 (0.9) 1 (0.5) 0 0 0

38352742 rs141862127 A/C 3 (1.7) 2 (0.9) 2 (1) 0 0 0

38352768 rs11536948 G/T 5 (2.9) 2 (0.9) 5 (2.5) 0 0 0

38352830 rs566402241 T/C 4 (2.3) 0 0 0 0 1 (0.1)

38353035 rs6014804 G/C 74 (42.5) 86 (39.8) 73 (36.9) 121 (12.0) 51 (5.1) 203 (20.8)

38353055 rs898782437 C/T 1 (0.6) - - - - -

38353056 rs6014805 A/T 74 (42.5) 84 (38.9) 71 (35.9) 41 (4.1) 5 (0.5) 87 (8.9)

38353359 rs1018470 G/T 13 (7.5) 18 (8.3) 28 (14.1) 467 (46.4) 75 (7.4) 241 (24.6)

38353484 rs76585941 C/T 51 (29.3) 30 (13.9) 38 (19.2) 11 (1.1) 1 (0.1) 24 (2.5)

38353504 rs1568834425 C/T 3 (1.7) - - - - -

38353549 rs137996210  T/TATAA 31 (17.8) 36 (16.7) 37 (18.7) 121 (12.0) 50 (5.0) 205 (21.0)

38353609 LBP NI-1 A/G 1 (0.6) - - - - -

38353618 rs111067091 C/T 4 (2.3) 27 (12.5) 12 (6.1) 40 (4.0) 5 (0.5) 87 (8.9)

38353941 rs6025106 A/G 1 (0.6) 2 (0.9) 8 (4.0) 0 0 0

38354160 rs866351464 T/C 1 (0.6) - - - - -

38354451 rs1385004224 T/G 1 (0.6) - - - - -

38354467 rs6025191 T/C 29 (16.7) 63 (29.2) 25 (12.6) 43 (4.3) 6 (0.6) 90 (9.2)

38354488 rs2232588 C/T 1 (0.6) 0 6 (3.0) 2 (0.2) 135 (13.4) 4 (0.4)

38354501 rs953713220 G/A 1 (0.6) - - - - -

38354582 rs756001841 T/C 9 (5.2) - - - - -

38354713 rs999577398 G/A 1 (0.6) - - - - -

38354795 rs2076832874 A/G 1 (0.6) - - - - -

38354851 rs1032769678 G/C 3 (1.7) - - - - -

38354927 rs2122620263 T/C 3 (1.7) - - - - -

38355000 rs5741818 G/A 21 (12.1) 30 (13.9) 8 (4.0) 0 1 (0.1) 0

38355090 rs11906594 A/G 31 (17.8) 37 (17.1) 37 (18.7) 121 (12.0) 52 (5.2) 205 (21.0)

38355173 rs142240566 GCACACACCA/G 13 (7.5) 8 (3.7) 9 (4.5) 68 (6.8) 46 (4.6) 117 (12.0)

38355230 rs60588211 T/C 33 (19.0) 41 (19.0) 31 (15.7) 15 (1.5) 0 32 (3.3)

38355270 rs6025083 C/T 34 (19.5) 62 (28.7) 75 (37.9) 571 (56.8) 497 (49.3) 409 (41.8)

38355274 rs5744207 C/T 5 (2.9) 2 (0.9) 5 (2.5) 0 0 0

n(minnor allele frequency, %) 

Intron 1

Intron 2

Intron 3

Intron 4

Supplementary Table 1: Minor allele frequencies of LBP genetic variants (introns) in the South 

African population compared to select populations from the 1000 Genomes Project. 
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38355449 rs201030283 GT/G 119 (68.4) - - - - -

38355518 LBP  NI-2 T/C 1 (0.6) - - - - -

38355575 rs75640389 T/C 3 (1.7) 7 (3.2) 1 (0.5) 0 0 0

38355579 rs2232592 G/A 12 (6.9) 7 (3.2) 16 (8.1) 2 (0.2) 136 (13.5) 4 (0.4)

38355607 rs5744206 G/A 80 (46) 74 (34.3) 54 (27.3) 6 (0.6) 1 (0.1) 22 (2.2)

38355608 rs2232609 A/G 21 (12.1) 30 (13.9) 8 (4.0) 0 1 (0.1) 0

38355614 rs6127842 C/T 5 (2.9) 6 (2.8) 2 (1.0) 0 0 0

38355756 rs145588209 C/T 3 (1.7) 2 (0.9) 1 (0.5) 0 6 (0.6) 0

38355815 rs918313285 G/A 1 (0.6) - - - - -

38356058 rs76833431 A/C 29 (16.7) 41 (19.0) 37 (18.7) 110 (10.9) 189 (18.8) 209 (21.4)

38356102 rs142567294 CT/C 7 (4) - - - - -

38356130 rs200069451 T/C 1 (0.6) - - - - -

38356133 rs1410967743 T/C 1 (0.6) - - - - -

38356221 rs11536951 G/A 43 (24.7) 47 (21.8) 35 (17.7) 1 (0.1) 0 1 (0.1)

38356227 rs149255417 G/A 3 (1.7) 7 (3.2) 6 (3.0) 0 0 0

38356347 rs6123638 A/G 15 (8.6) 7 (3.2) 20 (10.1) 2 (0.2) 151 (15.0) 6 (0.6)

38356388 rs1388740773 A/C 1 (0.6) - - - - -

38356398 rs146018769 AC/A 1 (0.6) 4 (1.9) 0 0 0 0

38356441 rs16987263 T/C 44 (25.3) 47 (21.8) 35 (17.7) 1 (0.1) 0 0

38356511 rs11536949 G/T 13 (7.5) 17 (7.9) 29 (14.6) 77 (7.7) 1 (0.1) 51 (5.2)

38356556 rs144732000 G/A 1 (0.6) 2 (0.9) 8 (4.0) 0 0 0

38356567 rs6127855 G/A 17 (9.8) 7 (3.2) 20 (10.1) 2 (0.2) 131 (13.0) 4 (0.4)

38356587 rs148541728 A/C 1 (0.6) 2 (0.9) 8 (4.0) 0 0 0

38356647 rs16987261 A/G 52 (29.9) 53 (24.5) 37 (18.7) 1 (0.1) 0 0

38356704 rs116743201 C/T 52 (29.9) 66 (30.6) 38 (19.2) 2 (0.2) 0 0

38356825 rs141831997 C/T 45 (25.9) 60 (27.8) 36 (18.2) 2 (0.2) 0 0

38356860 rs1739655 G/A 52(29.9) 48(22.2) 41(20.7) 965(4.1) 166(16.5) 141(14.4)

38356929 rs6127831 G/A 48(27.6) 81(37.5) 80(40.4) 135(86.6) 819(81.3) 742(75.9)

38356950 rs557025533 G/A 1 (0.6) - - - - -

38356981 rs139715955 G/A 10 (5.7) 3 (1.4) 5 (2.5) 0 0 0

38356986 rs114631382 T/G 54 (31) 75 (34.7) 46 (23.2) 2 (0.2) 1 (0.1) 0

38357097 rs147651643 T/C 58 (33.3) 75 (34.7) 43 (21.7) 2 (0.2) 1 (0.1) 0

38357098 rs2232616 C/T 44 (25.3) 72 (33.3) 59 (29.8) 85 (8.4) 59 (5.9) 191 (19.5)

38357100 rs116538384 T/C 58 (33.3) 75 (34.7) 43 (21.7) 2 (0.2) 1 (0.1) 0

38357107 rs149725981 A/C 11 (6.3) 5 (2.3) 9 (4.5) 0 0 1 (0.1)

38357124 rs145503460 A/G 58 (33.3) 75 (34.7) 43 (21.7) 2 (0.2) 1 (0.1) 0

38357162 rs73285089 T/C 7 (4.0) 30 (13.9) 18 (9.1) 40 (4.0) 5 (0.5) 87 (8.9)

38357231 rs2232617 C/T 15 (8.6) 41 (19.0) 24 (12.1) 73 (7.3) 57 (5.7) 160 (16.4)

38357381 rs2232593 C/T 12 (6.9) 6 (2.8) 15 (7.6) 2 (0.2) 136 (13.5) 4 (0.4)

38357413 rs113030679 T/C 5 (2.9) 5 (2.3) 5 (2.5) 0 1 (0.1) 0

38357493 rs148853836 G/A 1 (0.6) 1 (0.5) 3 (1.5) 0 1 (0.1) 0

38357650 rs191771004 A/G 1 (0.6) 1 (0.5) 0 0 0 0

38357856 rs115635753 A/G 8 (4.6) 6 (2.8) 2 (1.0) 0 0 0

38358273 rs2232598 G/A 5 (2.9) 7 (3.2) 3 (1.5) 0 0 0

38358344 rs146425008 C/T 1 (0.6) 2 (0.9) 1 (0.5) 0 0 0

38358376 rs78713715 A/G 8 (4.6) 20 (9.3) 2 (1) 1 (0.1) 0 0

38358471 rs76658360 C/T 8 (4.6) 17 (7.9) 2 (1) 1 (0.1) 0 0

38358673 rs2076863761 C/T 2 (1.1) - - - - -

38358698 rs911476950 G/A 2 (1.1) - - - - -

38358867 rs11086581 T/TA 44 (25.3) 72 (33.3) 59 (29.8) 84 (8.3) 59 (5.9) 191 (19.5)

38359006 rs12624843 G/A 17 (9.8) 31 (14.4) 36 (18.2) 388 (38.6) 696 (69) 414 (42.3)

38359164 rs6069875 T/C 7 (4.0) 30 (13.9) 18 (9.1) 40 (4.0) 5 (0.5) 88 (9.0)

38359231 rs540710354 GA/G 17 (9.8) 19 (8.8) 18 (9.1) 30 (3.0) 161 (16) 31 (3.2)

38359276 rs6025169 G/A 22 (12.6) 21 (9.7) 17 (8.6) 36 (3.6) 5 (0.5) 90 (9.2)

38359319 rs11536954 G/T 8 (4.6) 20 (9.3) 2 (1.0) 1 (0.1) 0 0

38359359 rs11536955 C/T 8 (4.6) 20 (9.3) 2 (1.0) 1 (0.1) 0 0

38359424 rs11536956 T/A 8 (4.6) 20 (9.3) 2 (1.0) 1 (0.1) 0 0

38359601 rs147999452 T/C 2 (1.1) 2 (0.9) 1 (0.5) 0 0 0

38359602 rs2232612 T/C 22 (12.6) 30 (13.9) 8 (4) 0 1 (0.1) 0

38359609 rs543189741 A/C 8 (4.6) 6 (2.8) 2 (1.0) 0 1 (0.1) 0

38359659 rs11536957 A/G 8 (4.6) 20 (9.3) 2 (1.0) 1 (0.1) 0 0

38359700 rs150498373 G/A 2 (1.1) 2 (0.9) 1 (0.5) 0 0 0

38359715 rs1401500360 G/GA 1 (0.6) - - - - -

38359717 rs1392211278 C/T 1 (0.6) - - - - -

38359721 rs1333551204 G/C 1 (0.6) - - - - -

38359722 rs1374925378 T/A 1 (0.6) - - - - -

38359837 rs11536961 G/A 8 (4.6) 20 (9.3) 2 (1.0) 1 (0.1) 0 0

38359989 rs11536962 C/T 8 (4.6) 20 (9.3) 2 (1.0) 1 (0.1) 0 0

38360004 rs11536963 C/A 10 (5.7) 3 (1.4) 2 (1.0) 0 0 0

38360215 rs559170776 A/AG 2 (1.1) 2 (0.9) 2 (1.0) 0 0 0

38360273 rs1339224831 AAC/A 8 (4.6) - - - - -

38360427 rs73909011 C/T 1 (0.6) 8 (3.7) 8 (4.0) 1 (0.1) 0 0

38360442 rs6099277 A/C 2 (1.1) 1 (0.5) 5 (2.5) 51 (5.1) 18 (1.8) 21 (2.1)

38360492 rs2076855946 G/T 1 (0.6) - - - - -

38360561 rs1600726016 C/T 1 (0.6) - - - - -

38360615 rs182432670 G/T 16 (9.2) 7 (3.2) 19 (9.6) 2 (0.2) 146 (14.5) 6 (0.6)

38360648 rs1780624 G/C 69 (39.7) 78 (36.1) 71 (35.9) 503 (50.0) 121 (12.0) 357 (36.5)

38360680 rs2232594 T/G 6 (3.4) 24 (11.1) 5 (2.5) 1 (0.1) 0 0

38360681 rs1739638 G/A 17(9.8) 27(12.5) 34(17.2) 603(40.1) 707(70.1) 408(41.7)

Intron 5
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38360869 rs8183330 G/A 5 (2.9) 2 (0.9) 5 (2.5) 2 (0.2) 146 (14.5) 6 (0.6)

38360889 rs574484429 G/A 1 (0.6) 0 0 1 (0.1) 0 0

38361036 rs187398369 C/T 1 (0.6) 3 (1.4) 1 (0.5) 0 0 0

38361049 rs2076858423 C/G 1 (0.6) - - - - -

38361068 rs143197158 A/G 6 (3.4) 24 (11.1) 5 (2.5) 1 (0.1) 0 0

38361078 rs146873840 A/C 6 (3.4) 24 (11.1) 5 (2.5) 1 (0.1) 1 (0.1) 0

38361168 rs11536959 T/G 2 (1.1) 23 (10.6) 9 (4.5) 1 (0.1) 0 1 (0.1)

38361358 rs76328747 T/C 6 (3.4) 24 (11.1) 5 (2.5) 1 (0.1) 0 0

38361377 rs146541773 C/T 5 (2.9) 21 (9.7) 6 (3.0) 48 (4.8) 80 (7.9) 147 (15.0)

38361388 rs79741204 T/C 6 (3.4) 24 (11.1) 5 (2.5) 1 (0.1) 0 0

38361527 rs149011164 C/G 6 (3.4) 24 (11.1) 5 (2.5) 1 (0.1) 0 0

38361768 rs143748743 T/C 1 (0.6) 2 (0.9) 1 (0.5) 0 0 0

38361813 rs11696479 A/G 23 (13.2) 40 (18.5) 19 (9.6) 121 (12.0) 141 (14.0) 303 (31.0)

38362074 rs1187483579 TG/T 1 (0.6) - - - - -

38362077 rs1165222643 G/T 1 (0.6) - - - - -

38362190 rs564425592 C/T 1 (0.6) 3 (1.4) 1 (0.5) 0 0 0

38362215 rs190254523 G/A 5 (2.9) 21 (9.7) 6 (3.0) 48 (4.8) 80 (7.9) 147 (15.0)

38362216 rs139169382 C/T 5 (2.9) 21 (9.7) 6 (3.0) 47 (4.7) 80 (7.9) 146 (14.9)

38362254 rs1631643 T/A 17(9.8) 26(12.0) 34(17.2) 604(40.0) 709(70.3) 413(42.2)

38362293 rs62201547 T/C 5 (2.9) 21 (9.7) 6 (3.0) 47 (4.7) 80 (7.9) 147 (15.0)

38362333 rs117832305 G/A 6 (3.4) 24 (11.1) 7 (3.5) 47 (4.7) 80 (7.9) 146 (14.9)

38362336 rs566746432 G/C 1 (0.6) 3 (1.4) 1 (0.5) 0 0 0

38362346 rs193188296 C/T 2 (1.1) 3 (1.4) 7 (3.5) 0 0 0

38362356 rs111633395 T/C 10 (5.7) 0 0 0 0 0

38362367 rs11536965 G/T 5 (2.9) 21 (9.7) 6 (3.0) 48 (4.8) 79 (7.8) 146 (14.9)

38362392 rs1444787557 T/C 1 (0.6) - - - - -

38362422 rs13043870 A/G 78 (44.8) 108 (50) 85 (42.9) 565 (56.2) 153 (15.2) 450 (46)

38362554 rs11536964 G/A 6 (3.4) 24 (11.1) 7 (3.5) 48 (4.8) 80 (7.9) 146 (14.9)

38362570 rs11536968 G/A 5 (2.9) 21 (9.7) 6 (3.0) 48 (4.8) 79 (7.8) 145 (14.8)

38362618 rs546284088 AG/A 1 (0.6) 3 (1.4) 0 0 0 0

38362766 rs11536967 A/G 6 (3.4) 24 (11.1) 7 (3.5) 48 (4.8) 79 (7.8) 146 (14.9)

38362768 rs181255547 C/T 1 (0.6) 3 (1.4) 2 (1.0) 0 0 0

38362777 rs185844320 A/G 1 (0.6) 3 (1.4) 1 (0.5) 0 0 0

38362897 rs2076876352 T/TAA 5 (2.9) - - - - -

38362923 rs1780628 A/T 17(9.8) 25(11.6) 36(18.2) 558(44.5) 793(78.7) 551(56.3)

38362953 rs1204006801 G/T 1 (0.6) - - - - -

38362997 rs11536970 T/C 1 (0.6) 4 (1.9) 2 (1.0) 0 0 0

38363237 rs11536972 T/C 6 (3.4) 21 (9.7) 7 (3.5) 48 (4.8) 79 (7.8) 146 (14.9)

38363470 rs11536974 C/T 6 (3.4) 21 (9.7) 7 (3.5) 48 (4.8) 79 (7.8) 145 (14.8)

38363566 rs6127841 C/T 12 (6.9) 5 (2.3) 15 (7.6) 2 (0.2) 138 (13.7) 4 (0.4)

38363737 rs1739640 T/C 80(46.0) 120(55.6) 99(50.0) 472(53.1) 852(84.5) 743(76.0)

38363818 rs2232599 G/C 10 (5.7) 29 (13.4) 11 (5.6) 48 (4.8) 79 (7.8) 145 (14.8)

38363896 rs2232600 G/A 1 (0.6) 3 (1.4) 3 (1.5) 0 0 0

38364073 rs1444691492 C/T 2 (1.1) - - - - -

38364156 rs5741816 A/G 82(47.1) 129(59.7) 125(63.1) 13(98.7) 1007(99.9) 954(97.5)

38364195 rs11536977 G/A 1 (0.6) 4 (1.9) 0 0 0 0

38364460 rs1600727734 G/A 1 (0.6) - - - - -

38364501 rs113464344 G/A 12 (6.9) 0 0 0 1 (0.1) 0

38364525 rs2232605 G/C 1 (0.6) 0 3 (1.5) 47 (4.7) 76 (7.5) 145 (14.8)

38364552 rs2232606 A/G 7 (4.0) 19 (8.8) 16 (8.1) 42 (4.2) 6 (0.6) 90 (9.2)

38364938 rs11536992 T/C 3 (1.7) 4 (1.9) 0 0 0 0

38365005 rs1780626 T/G 82(47.1) 123(56.9) 99(50.0) 509(49.4) 790(78.4) 667(68.2)

38365051 rs6025095 C/T 51 (29.3) 50 (23.1) 37 (18.7) 0 0 0

38365233 rs149506270 C/T 5 (2.9) 7 (3.2) 6 (3) 0 0 0

38365276 rs1010323636 T/A 1 (0.6) - - - - -

38365289 rs185085448 G/A 1 (0.6) 1 (0.5) 0 0 0 0

38365340 rs998520711 G/A 5 (2.9) - - - - -

38365354 rs113966205 T/C 12 (6.9) 1 (0.5) 0 0 0 0

38365471 rs1780625 C/T 70 (40.2) 84 (38.9) 78 (39.4) 499 (49.6) 67 (6.6) 305 (31.2)

38365500 rs563241248 C/T 7 (4.0) 2 (0.9) 2 (1) 0 0 0

38365508 rs74802071 TTTTG/T 3 (1.7) - - - - -

38365620 rs548140872 C/G 1 (0.6) 0 2 (1) 0 0 0

38365654 rs6025214 C/A 16 (9.2) 23 (10.6) 5 (2.5) 0 1 (0.1) 0

38365731 rs2232581 T/G 83 (47.7) 95 (44.0) 65 (32.8) 135 (13.4) 74 (7.3) 238 (24.3)

38365789 rs139872326 A/G 2 (1.1) 3 (1.4) 2 (1) 0 0 0

38365863 rs181695299 T/C 7 (4.0) 2 (0.9) 2 (1) 0 0 0

38365890 rs1739641 T/C 83(47.7) 122(56.5) 101(51.0) 473(53.0) 852(84.5) 740(75.7)

38365999 rs111874373 T/A 12 (6.9) 0 0 0 0 0

38366025 rs6014890 A/C 22 (12.6) 37 (17.1) 20 (10.1) 88 (8.7) 57 (5.7) 168 (17.2)

38366199 rs5741817 C/T 85(48.9) 113(52.3) 105(53.0) 552(45.1) 930(92.3) 582(59.5)

38366261 rs11536936 C/T 9 (5.2) 3 (1.4) 5 (2.5) 0 0 0

38366336 rs113365137 G/A 1 (0.6) - - - - -

38366365 rs11536979 C/G 1 (0.6) 4 (1.9) 0 0 0 0

38366472 rs2232602 G/A 9 (5.2) 28 (13.0) 10 (5.1) 48 (4.8) 76 (7.5) 145 (14.8)

38366583 rs11536939 C/T 23 (13.2) 23 (10.6) 20 (10.1) 14 (1.4) 0 32 (3.3)

38366696 rs1739639 T/C 70 (40.2) 84 (38.9) 77 (38.9) 505 (50.2) 67 (6.6) 305 (31.2)

38366752 rs6099305 T/C 23 (13.2) 24 (11.1) 31 (15.7) 11 (1.1) 1 (0.1) 24 (2.5)

Intron 6
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Intron 8



178 

 

 

 

 

38366854 rs2232611 A/T 1 (0.6) 4 (1.9) 0 0 0 0

38366873 rs113489543 C/T 12 (6.9) - - - - -

38366973 rs76186816 A/C 25 (14.4) 41 (19) 39 (19.7) 110 (10.9) 190 (18.8) 209 (21.4)

38367020 rs3819023 A/G 1 (0.6) 0 2 (1.0) 47 (4.7) 76 (7.5) 147 (15.0)

38367046 rs6025064 T/C 29 (16.7) 50 (23.1) 29 (14.6) 120 (11.9) 73 (7.2) 206 (21.1)

38367274 rs11536994 C/T 15 (8.6) 41 (19.0) 24 (12.1) 73 (7.3) 57 (5.7) 167 (17.1)

38367446 rs140231834 A/T 3 (1.7) 2 (0.9) 2 (1.0) 0 0 0

38367448 rs34553900 C/T 30 (17.2) 37 (17.1) 36 (18.2) 121 (12.0) 51 (5.1) 205 (21.0)

38367550 rs186406309 A/T 1 (0.6) 4 (1.9) 0 0 0 0

38367585 rs41332344 C/T 30 (17.2) 44 (20.4) 45 (22.7) 122 (12.1) 187 (18.6) 211 (21.6)

38367646 rs113579225 A/C 12 (6.9) 0 0 0 0 0

38367808 rs112318889 C/T 12 (6.9) 0 0 0 0 0

38367921 rs6025195 C/T 9 (5.2) 30 (13.9) 8 (4) 0 1 (0.1) 0

38367980 rs139111516 C/T 1 (0.6) 2 (0.9) 0 0 0 0

38368034 rs6069931 A/G 15 (8.6) 56 (25.9) 25 (12.6) 73 (7.3) 58 (5.8) 167 (17.1)

38368104 rs35133348 C/T 18(10.3) 21(9.7) 39(19.7) 608(39.6) 291(28.9) 289(29.6)

38368117 rs188701226 T/C 7 (4) 2 (0.9) 2 (1.0) 0 0 0

38368127 rs113031135 C/G 12 (6.9) - - - - -

38368195 rs562936892 A/G 1 (0.6) 2 (0.9) 2 (1.0) 0 0 0

38368328 rs11536991 G/A 5 (2.9) 2 (0.9) 5 (2.5) 0 0 0

38368335 rs111848745 A/T 12 (6.9) 0 0 0 0 0

38368341 rs113734860 C/G 12 (6.9) 0 0 0 0 0

38368705 rs6025208 T/C 41(23.6) 64(29.6) 45(22.7) 557(44.6) 784(77.8) 553(56.5)

38368724 rs187402189 C/T 2 (1.1) 0 1 (0.5) 0 0 0

38368747 rs113203674 C/T 12 (6.9) - - - - -

38368889 rs112685620 T/A 12 (6.9) - - - - -

38368988 rs6025198 G/A 9 (5.2) 15 (6.9) 9 (4.5) 0 0 0

38369193 rs112098655 A/C 12 (6.9) - - - - -

38369336 rs11536983 C/A 1 (0.6) 14 (6.5) 1 (0.5) 1 (0.1) 0 0

38369496 rs113366471 T/C 12 (6.9) - - - - -

38369505 rs11481047 T/TA 58 (33.3) 87 (40.3) 60 (30.3) 85 (8.4) 60 (6) 191 (19.5)

38369598 rs1714281893 A/ATTTGCTCTGTTC 12 (6.9) - - - - -

38369641 rs6014861 A/G 58 (33.3) 72 (33.3) 59 (29.8) 85 (8.4) 59 (5.9) 191 (19.5)

38369645 rs2232589 G/A 30 (17.2) 44 (20.4) 45 (22.7) 122 (12.1) 187 (18.6) 210 (21.5)

38369667 rs6025241 A/G 45 (25.9) 72 (33.3) 59 (29.8) 85 (8.4) 59 (5.9) 191 (19.5)

38369851 rs11698149 T/C 7 (4.0) 15 (6.9) 18 (9.1) 73 (7.3) 58 (5.8) 167 (17.1)

38369907 rs554483061 C/A 3 (1.7) 1 (0.5) 1 (0.5) 0 0 0

38370291 rs140999190 G/A 10 (5.7) 3 (1.4) 2 (1.0) 0 0 1 (0.1)

38370296 rs6127837 G/A 48(27.6) 81(37.5) 80(40.4) 123(87.8) 817(81.1) 746(76.3)

38370399 rs113369278 TA/T 17 (9.8) 4 (1.9) 4 (2.0) 0 0 0

38370686 rs112052603 C/T 12 (6.9) 0 0 0 0 0

38370814 rs201651468 G/T 7 (4) 2 (0.9) 2 (1.0) 0 0 0

38370887 rs112924468 A/G 12 (6.9) 0 0 0 0 0

38371029 rs5741819 A/C 62 (35.6) 88 (40.7) 62 (31.3) 85 (8.4) 60 (6.0) 191 (19.5)

38371167 rs182922719 C/T 1 (0.6) 0 1 (0.5) 0 0 0

38371231 rs6014862 T/A 44 (25.3) 72 (33.3) 59 (29.8) 85 (8.4) 59 (5.9) 191 (19.5)

38371235 rs188388337 C/T 7 (4) 2 (0.9) 2 (1.0) 0 0 0

38371253 rs1780622 A/C 48 (27.6) 83 (38.4) 85 (42.9) 845 (84) 767 (76.1) 633 (64.7)

38371501 rs541743179 A/G 1 (0.6) 0 1 (0.5) 0 0 0

38371549 LBP NI-4 A/T 1 (0.6) - - - - -

38371639 rs936053972 A/G 1 (0.6) - - - - -

38371808 rs6025102 T/C 48(27.6) 86(39.8) 90(45.5) 133(86.8) 955(94.7) 748(76.5)

38371818 rs113207369 AG/A 12 (6.9) 0 0 0 0 0

38372041 rs145688223 G/GCA 12 (6.9) - - - - -

38372132 rs944704809 C/T 1 (0.6) - - - - -

38372285 rs112314157 T/A 12 (6.9) 0 0 0 0 0

38372600 rs1013317527 G/C 1 (0.6) - - - - -

38372691 rs9753666 G/A 5 (2.9) 7 (3.2) 3 (1.5) 0 0 0

38372750 rs149832282 T/C 2 (1.1) 3 (1.4) 2 (1.0) 0 0 0

38372765 rs6127849 C/T 17 (9.8) 7 (3.2) 20 (10.1) 2 (0.2) 138 (13.7) 4 (0.4)

38372814 rs1609800 A/T 20 (11.5) 43 (19.9) 44 (22.2) 472 (46.9) 75 (7.4) 241 (24.6)

38372909 rs1780623 C/T 20(11.5) 30(13.9) 37(18.7) 616(38.8) 696(69) 410(41.9)

38372987 rs11696597 T/G 16 (9.2) 32 (14.8) 21 (10.6) 108 (10.7) 52 (5.2) 204 (20.9)

38373290 rs6014840 T/C 9 (5.2) 30 (13.9) 8 (4.0) 0 1 (0.1) 0

38373313 rs2232590 C/G 30 (17.2) 44 (20.4) 45 (22.7) 122 (12.1) 187 (18.6) 211 (21.6)

38373329 rs6123629 C/G 16 (9.2) 7 (3.2) 19 (9.6) 2 (0.2) 138 (13.7) 4 (0.4)

38373379 rs6069876 T/G 16 (9.2) 50 (23.1) 21 (10.6) 41 (4.1) 6 (0.6) 88 (9.0)

38373450 rs6025098 C/T 31 (17.8) 37 (17.1) 37 (18.7) 121 (12.0) 52 (5.2) 205 (21)

38373612 rs113915430 C/A 12 (6.9) 0 0 0 0 0

38373736 rs113525611 G/A 12 (6.9) 0 0 0 0 0

38373741 rs11536995 AGTTACTTG/A 11 (6.3) 33 (15.3) 20 (10.1) 73 (7.3) 57 (5.7) 167 (17.1)

38373883 rs374356852 C/T 1 (0.6) 0 1 (0.5) 0 0 0

Intron 12
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38374083 rs112652150 G/A 12 (6.9) 0 0 0 0 1 (0.1)

38374274 rs140486354 G/A 1 (0.6) 6 (2.8) 8 (4) 0 0 0

38374336 rs6025188 C/T 9 (5.2) 15 (6.9) 7 (3.5) 0 0 1 (0.1)

38374337 rs556659001 G/A 1 (0.6) 0 0 0 0 0

38374426 rs2232595 C/T 16 (9.2) 7 (3.2) 19 (9.6) 2 (0.2) 141 (14) 6 (0.6)

38374553 rs114618390 T/G 21 (12.1) 26 (12.0) 31 (15.7) 11 (1.1) 1 (0.1) 24 (2.5)

38374594 rs562385988 CA/C 1 (0.6) 6 (2.8) 10 (5.1) 32 (3.2) 15 (1.5) 14 (1.4)

38374659 rs138755345 C/T 5 (2.9) 12 (5.6) 13 (6.6) 89 (8.8) 57 (5.7) 168 (17.2)

38374802 rs11536993 G/A 15 (8.6) 41 (19) 24 (12.1) 73 (7.3) 57 (5.7) 167 (17.1)

38374846 rs112038028 A/G 12 (6.9) 0 0 0 0 0

38374847 rs6014889 G/A 10 (5.7) 49 (22.7) 19 (9.6) 73 (7.3) 58 (5.8) 167 (17.1)

38374947 rs6099300 A/G 50 (28.7) 79 (36.6) 53 (26.8) 54 (5.4) 7 (0.7) 115 (11.8)

38374969 rs1028648588 G/T 11 (6.3) - - - - -

38374971 rs888806866 A/T 7 (4.0) - - - - -

38375082 rs2232587 T/C 26 (14.9) 21 (9.7) 27 (13.6) 11 (1.1) 1 (0.1) 24 (2.5)

38375177 rs549719574 G/C 1 (0.6) - - - - -

38375195 rs6025049 G/A 11(6.3) 33(15.3) 25(12.6) 861(14.4) 240(23.8) 315(32.2)

38375394 rs6069847 G/A 29 (16.7) 42 (19.4) 38 (19.2) 120 (11.9) 51 (5.1) 207 (21.2)

38375462 rs6064469 T/C 6 (3.4) 28 (13.0) 14 (7.1) 90 (8.9) 59 (5.9) 168 (17.2)

38375473 rs6127861 G/A 16 (9.2) 7 (3.2) 20 (10.1) 2 (0.2) 146 (14.5) 6 (0.6)

38375656 LBP NI-5 T/G 1 (0.6) - - - - -

38375671 rs2083954674 A/G 1 (0.6) - - - - -

38375766 rs73909020 G/A 1 (0.6) 23 (10.6) 6 (3.0) 0 1 (0.1) 0

38375815 rs73909021 C/T 1 (0.6) 23 (10.6) 6 (3.0) 0 1 (0.1) 0

38375817 rs73909022 A/T 1 (0.6) 23 (10.6) 6 (3.0) 0 1 (0.1) 0

38375982 rs140069602 G/C 21 (12.1) 4 (1.9) 3 (1.5) 0 0 0

38376206 rs114181807 C/T 1 (0.6) 8 (3.7) 5 (2.5) 0 0 0

38376256 rs11086565 A/G 21 (12.1) 4 (1.9) 5 (2.5) 67 (6.7) 47 (4.7) 116 (11.9)

38376323 rs572665635 A/C 21 (12.1) 8 (3.7) 5 (2.5) 67 (6.7) 48 (4.8) 113 (11.6)

38376389 rs113826326 G/C 8 (4.6) - - - - -

Intron 14

Wt/mut: wildtype/mutant referring to major and minor alleles, respectively; SA: South Africa; YRI: Yoruba in Ibadan, Nigeria; 

LWK: Luhya from Webuye, Kenya; EUR: European population; EAS: East Asians population; SAS: South Asian population; 

Grey shaded boxes represent significant comparisons to the South African population (SA); -: No non reference calls reported 

for this variant in 1000 genomes (assumption that they are monomorphic). NI: LBP newly identified SNP. 
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Location

on gene

Position

(Chr:8)

Accession

number

Base change

(wt/mut)

SA

(N=87)

YRI 

(N=108)

LWK 

(N=99)

EUR 

(N=503)

EAS

(N=504)

SAS

(N=489)

73991901 rs16938755 T/C 66 (37.9) 82 (38.0) 89 (44.9) 151 (15.0) 117 (11.6) 160 (16.4)

73992134 rs7829369 A/T 24 (13.8) 28 (13.0) 19 (9.6) 289 (28.7) 193 (19.1) 286 (29.2)

73992737 rs969055264 T/C 2 (1.1) - - - - -

73992768 rs149392518 C/T 6 (3.4) 4 (1.9) 12 (6.1) 1 (0.1) 2 (0.2) 0

73992781 rs187100096 G/C 1 (0.6) 0 0 0 5 (0.5) 0

73992915 rs10086976 C/T 53 (30.5) 70 (32.4) 70 (35.4) 151 (15.0) 117 (11.6) 160 (16.4)

73992917 rs192492675 C/T 3 (1.7) 0 1 (0.5) 0 1 (0.1) 0

73992920 rs10102014 T/G 79 (45.4) 82 (38.0) 91 (46.0) 170 (16.9) 146 (14.5) 210 (21.5)

73993021 rs1816042505 A/AT 3 (1.7) - - - - -

73993222 rs1586643110 T/A 2 (1.1) - - - - -

73993528 rs4738410 C/T 5 (2.9) 0 4 (2.0) 19 (1.9) 29 (2.9) 50 (5.1)

73993529 rs186659780 G/A 1 (0.6) 1 (0.5) 1 (0.5) 0 0 0

73993535 rs4738411 C/T 71 (40.8) 106 (49.1) 88 (44.4) 548 (54.5) 669 (66.4) 482 (49.3)

73993752 rs139208711 A/T 6 (3.4) 5 (2.3) 7 (3.5) 0 0 0

73993767 rs149923973 T/C 2 (1.1) 17 (7.9) 3 (1.5) 0 0 0

73993793 rs144988354 G/A 3 (1.7) 5 (2.3) 2 (1.0) 0 0 0

73993796 rs7009353 G/C 71 (40.8) 106 (49.1) 88 (44.4) 548 (54.5) 669 (66.4) 482 (49.3)

73993822 rs55722404 T/TC 71 (40.8) 106 (49.1) 88 (44.4) 548 (54.5) 669 (66.4) 482 (49.3)

73993988 rs534972696 G/GT 4 (2.3) - - - - -

73994075 rs147059682 C/T 5 (2.9) 0 3 (1.5) 19 (1.9) 20 (2.0) 31 (3.2)

73994279 rs10808798 C/T 71 (40.8) 105 (48.6) 87 (43.9) 548 (54.5) 669 (66.4) 482 (49.3)

73994494 rs10957691 A/G 64 (36.8) 83 (38.4) 88 (44.4) 151 (15.0) 118 (11.7) 160 (16.4)

73994599 rs546722838 G/A 9 (5.2) - - - - -

73994648 rs141586860 G/A 4 (2.3) 2 (0.9) 5 (2.5) 0 0 0

73995014 rs79142015 A/G 5 (2.9) 0 4 (2.0) 19 (1.9) 30 (3.0) 49 (5.0)

73995052 rs75274643 C/G 8 (4.6) 24 (11.1) 16 (8.1) 1 (0.1) 2 (0.2) 0

73995163 rs537366563 T/C 4 (2.3) - - - - -

73995323 rs7821865 C/T 24 (13.8) 27 (12.5) 19 (9.6) 287 (28.5) 194 (19.2) 286 (29.2)

73995387 rs75724780 C/A 2 (1.1) 18 (8.3) 3 (1.5) 0 0 0

73995555 rs7822054 G/A 60 (34.5) 76 (35.2) 68 (34.3) 548 (54.5) 666 (66.1) 482 (49.3)

73995578 rs7822407 G/A 53 (30.5) 70 (32.4) 71 (35.9) 159 (15.8) 116 (11.5) 162 (16.6)

73995728 rs11409980 A/AT 65 (37.4) 82 (38.0) 85 (42.9) 150 (14.9) 118 (11.7) 160 (16.4)

73995782 rs7822709 A/G 61 (35.1) 79 (36.6) 69 (34.8) 548 (54.5) 666 (66.1) 482 (49.3)

73995912 rs58916587 G/A 1 (0.6) 3 (1.4) 3 (1.5) 81 (8.1) 1 (0.1) 13 (1.3)

73995948 rs139870678 C/T 1 (0.6) 0 1 (0.5) 0 1 (0.1) 0

73996229 rs112512079 CT/C 1 (0.6) 1 (0.5) 3 (1.5) 0 2 (0.2) 0

73996266 rs28435175 G/A 65 (37.4) 82 (38.0) 86 (43.4) 151 (15.0) 116 (11.5) 161 (16.5)

73996280 rs28718132 T/C 65 (37.4) 82 (38.0) 86 (43.4) 151 (15.0) 116 (11.5) 161 (16.5)

73996294 rs537792961 C/G 1 (0.6) 0 0 0 0 1 (0.1)

73996345 rs895555776 C/A 2 (1.1) - - - - -

73996349 rs949793915 C/A 2 (1.1) - - - - -

73996355 rs1491254890 TCC/T 2 (1.1) - - - - -

73996358 rs1563707666 TTCCTTCCTTCATTC/T 2 (1.1) - - - - -

73996463 LY96 NI-1 G/C 1 (0.6) - - - - -

73996547 rs7387160 A/G 40 (23.0) 45 (20.8) 26 (13.1) 307 (30.5) 224 (22.2) 335 (34.3)

73996708 rs7388563 T/G 42 (24.1) 45 (20.8) 26 (13.1) 306 (30.4) 224 (22.2) 335 (34.3)

73996711 rs367942020 G/A 2 (1.1)

73996758 rs142448050 T/A 8 (4.6) 6 (2.8) 11 (5.6) 0 0 0

73996964 rs148940132 C/T 16 (9.2) 18 (8.3) 7 (3.5) 19 (1.9) 31 (3.1) 49 (5.0)

73997053 rs138082733 TTTAG/T 2 (1.1) 18 (8.3) 3 (1.5) 0 0 0

73997124 rs115006184 C/T 6 (3.4) 5 (2.3) 7 (3.5) 0 0 1 (0.1)

73997312 rs115869250 C/T 6 (3.4) 4 (1.9) 12 (6.1) 1 (0.1) 2 (0.2) 0

73997501 rs77952155 T/C 12 (6.9) 12 (5.6) 14 (7.1) 0 0 0

73997562 rs115855837 A/T 3 (1.7) 4 (1.9) 2 (1.0) 1 (0.1) 0 0

73998047 rs1207937804 G/A 1 (0.6) - - - - -

73998141 rs76061819 A/C 11 (6.3) 18 (8.3) 3 (1.5) 0 0 0

73998330 rs12546552 G/A 42 (24.1) 45 (20.8) 26 (13.1) 306 (30.4) 224 (22.2) 335 (34.3)

73998347 rs12546519 C/T 42 (24.1) 45 (20.8) 26 (13.1) 306 (30.4) 224 (22.2) 335 (34.3)

73998481 rs141192619 G/A 4 (2.3) 6 (2.8) 4 (2.0) 0 0 0

73998655 rs116892026 C/G 5 (2.9) 0 3 (1.5) 19 (1.9) 21 (2.1) 31 (3.2)

73998691 rs60367712 C/CA 58 (33.3) 79 (36.6) 87 (43.9) 153 (15.2) 119 (11.8) 161 (16.5)

73999108 rs11781740 C/T 25 (14.4) 27 (12.5) 19 (9.6) 288 (28.6) 194 (19.2) 286 (29.2)

73999490 rs184492149 A/T 2 (1.1) 4 (1.9) 2 (1.0) 0 0 0

73999799 rs7841862 A/G 73 (42.0) 92 (42.6) 85 (42.9) 548 (54.5) 666 (66.1) 482 (49.3)

74000006 rs60515500 A/C 73 (42.0) 92 (42.6) 85 (42.9) 548 (54.5) 666 (66.1) 482 (49.3)

74000060 rs76447356 G/A 2 (1.1) 18 (8.3) 3 (1.5) 0 0 0

74000274 rs112390569 G/C 2 (1.1) 2 (0.9) 0 0 0 0

74000278 rs79664747 G/GTGTAGATCCTTGCTGAT 23 (13.2) 25 (11.6) 18 (9.1) 276 (27.4) 187 (18.6) 275 (28.1)

74000293 rs202196303 C/G 1 (0.6) - - - - -

74000294 rs200299427 T/A 1 (0.6) - - - - -

74000296 LY96 NI-2 A/AGTGT 1 (0.6) - - - - -

74000299 rs1325156550 T/A 1 (0.6) - - - - -

74000301 LY96  NI-3 C/CTCGGTGGTCGCCGTAT 1 (0.6) - - - - -

74000305 LY96  NI-4 TTTTC/T 1 (0.6) - - - - -

74000309 LY96 NI-5 C/CAAA 1 (0.6) - - - - -

74000311 rs1274874437 C/A 3 (1.7) - - - - -

74000484 rs72661869 C/T 24 (13.8) 27 (12.5) 19 (9.6) 287 (28.5) 194 (19.2) 286 (29.2)

n(minnor allele frequency, %) 

Intron 1

Intron 2

Supplementary Table 2: Minor allele frequencies of LY96 genetic variants (introns) in the South African 

population compared to select populations from the 1000 Genomes Project. 
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74000758 rs147206553 C/A 1 (0.6) 1 (0.5) 5 (2.5) 0 0 0

74001285 rs62509331 G/A 24 (13.8) 27 (12.5) 19 (9.6) 287 (28.5) 194 (19.2) 286 (29.2)

74001412 rs148462447 G/A 6 (3.4) 8 (3.7) 13 (6.6) 1 (0.1) 2 (0.2) 0

74001652 rs62509332 G/A 42 (24.1) 45 (20.8) 26 (13.1) 307 (30.5) 224 (22.2) 335 (34.3)

74001688 rs548591196 C/CA 5 (2.9) - - - - -

74001802 rs562243530 C/T 2 (1.1) - - - - -

74001817 rs115700825 G/A 2 (1.1) 18 (8.3) 3 (1.5) 0 0 0

74001850 rs1008726652 A/C 1 (0.6) - - - - -

74001886 rs369815557 GTATTTCCAT/G 5 (2.9) 6 (2.8) 2 (1.0) 1 (0.1) 0 0

74001959 rs1406963683 CTT/C 9 (5.2) - - - - -

74001962 rs1161163048 CCTTCCTTCCT/C 9 (5.2) - - - - -

74001975 rs190959982 C/A 13 (7.5) 19 (8.8) 11 (5.6) 1 (0.1) 0 0

74001980 rs145178284 C/T 24 (13.8) - - - - -

74001984 rs796270377 C/T 7 (4.0) - - - - -

74001995 rs1312134372 CTTT/C 18 (10.3) - - - - -

74002133 rs911522615 T/C 1 (0.6) - - - - -

74002458 rs118149143 C/T 5 (2.9) 0 3 (1.5) 19 (1.9) 21 (2.1) 31 (3.2)

74002527 rs1482388882 AG/A 3 (1.7) - - - - -

74002556 rs116821531 G/T 2 (1.1) 18 (8.3) 3 (1.5) 1 (0.1) 0 0

74002569 rs143496381 A/C 1 (0.6) 7 (3.2) 1 (0.5) 3 (0.3) 3 (0.3) 2 (0.2)

74002657 rs111747962 C/T 15 (8.6) 17 (7.9) 10 (5.1) 27 (2.7) 0 4 (0.4)

74002746 rs34767907 A/AT 54 (31.0) 57 (26.4) 40 (20.2) 307 (30.5) 224 (22.2) 335 (34.3)

74002799 rs189437001 C/T 6 (3.4) 4 (1.9) 12 (6.1) 1 (0.1) 2 (0.2) 0

74002816 rs11775465 T/C 51 (29.3) 55 (25.5) 40 (20.2) 307 (30.5) 224 (22.2) 335 (34.3)

74002825 rs181954162 C/T 4 (2.3) - - - - -

74002980 LY96  NI-6 T/C 1 (0.6) - - - - -

74003202 rs138140428 CAGG/C 42 (24.1) 45 (20.8) 26 (13.1) 307 (30.5) 224 (22.2) 335 (34.3)

74003316 rs114596749 T/C 5 (2.9) 14 (6.5) 12 (6.1) 0 0 0

74003434 rs4738412 T/C 24 (13.8) 27 (12.5) 19 (9.6) 288 (28.6) 194 (19.2) 286 (29.2)

74003534 rs114188248 C/T 6 (3.4) 4 (1.9) 12 (6.1) 1 (0.1) 2 (0.2) 0

74003535 rs115211571 G/A 12 (6.9) 12 (5.6) 14 (7.1) 0 0 0

74003582 rs116585932 T/C 4 (2.3) 2 (0.9) 5 (2.5) 0 0 0

74003699 rs4738413 A/G 54 (31.0) 57 (26.4) 40 (20.2) 307 (30.5) 224 (22.2) 335 (34.3)

74003779 rs56343979 C/T 42 (24.1) 45 (20.8) 26 (13.1) 307 (30.5) 223 (22.1) 336 (34.4)

74003813 rs139146287 C/T 2 (1.1) 0 7 (3.5) 0 0 0

74004109 rs11786591 C/T 54 (31) 57 (26.4) 40 (20.2) 307 (30.5) 223 (22.1) 335 (34.3)

74004111 rs78144508 G/T 1 (0.6) 12 (5.6) 0 0 0 0

74004415 rs549574553 T/C 1 (0.6) 0 0 0 0 0

74004482 rs7001511 A/T 24 (13.8) 27 (12.5) 19 (9.6) 288 (28.6) 193 (19.1) 286 (29.2)

74004517 rs113037498 T/C 9 (5.2) - - - - -

74004655 rs148538964 G/A 7 (4.0) 1 (0.5) 9 (4.5) 0 0 0

74004917 rs11466000 T/G 12 (6.9) 12 (5.6) 14 (7.1) 0 0 0

74004993 rs11466001 A/G 24 (13.8) 27 (12.5) 19 (9.6) 288 (28.6) 195 (19.3) 286 (29.2)

74005397 rs75878116 C/G 13 (7.5) 6 (2.8) 3 (1.5) 1 (0.1) 0 0

74005936 rs11783456 G/A 54 (31) 57 (26.4) 40 (20.2) 307 (30.5) 223 (22.1) 336 (34.4)

74005960 rs116507106 G/A 12 (6.9) 12 (5.6) 14 (7.1) 0 0 0

74006254 rs1209244217 G/T 1 (0.6) - - - - -

74006487 rs137964758 C/T 11 (6.3) 12 (5.6) 14 (7.1) 0 0 0

74006636 rs1426060 T/C 71 (40.8) 75 (34.7) 52 (26.3) 319 (31.7) 233 (23.1) 336 (34.4)

74006822 rs149064938 C/T 8 (4.6) 6 (2.8) 11 (5.6) 0 0 0

74007062 rs114898192 C/A 4 (2.3) 8 (3.7) 15 (7.6) 3 (0.3) 4 (0.4) 0

74007094 rs1991262 C/G 37(21.3) 56(25.9) 59(29.8) 771(76.6) 866(85.9) 744(76.1)

74007210 rs550479990 G/A 2 (1.1) - - - - -

74007245 rs73335828 G/A 33 (19.0) 26 (12.0) 24 (12.1) 48 (4.8) 14 (1.4) 43 (4.4)

74007478 rs10504554 C/T 78 (44.8) 86 (39.8) 105 (53) 811 (80.6) 896 (88.9) 840 (85.9)

74007514 rs16938758 T/A 84 (48.3) 101 (46.8) 110 (55.6) 817 (81.2) 895 (88.8) 840 (85.9)

74007528 rs16938759 G/A 84 (48.3) 100 (46.3) 111 (56.1) 815 (81) 896 (88.9) 840 (85.9)

74007592 rs189685235 T/A 2 (1.1) 0 2 (1.0) 0 0 0

74007770 rs113548678 C/T 35 (20.1) 60 (27.8) 35 (17.7) 1 (0.1) 0 0

74007806 rs146998002 C/A 6 (3.4) 4 (1.9) 11 (5.6) 3 (0.3) 3 (0.3) 0

74007828 rs113459347 C/T 35 (20.1) 60 (27.8) 35 (17.7) 1 (0.1) 0 0

74007831 rs141717659 C/T 6 (3.4) 4 (1.9) 11 (5.6) 3 (0.3) 3 (0.3) 0

74007904 rs112793867 C/T 23 (13.2) 23 (10.6) 12 (6.1) 1 (0.1) 0 0

74007975 rs28579835 G/C 2 (1.1) 13 (6.0) 9 (4.5) 0 0 0

74008039 rs142840016 C/T 4 (2.3) 10 (4.6) 3 (1.5) 0 0 0

74008103 rs16938760 G/A 42(24.1) 61(28.2) 71(35.9) 826(82.1) 864(85.7) 827(84.6)

74008144 rs756135618 G/A 1 (0.6) - - - - -

74008339 rs73335834 C/T 31 (17.8) 43 (19.9) 27 (13.6) 1 (0.1) 0 0

74008363 rs16938761 G/A 30(17.2) 54(25.0) 54(27.3) 818(81.3) 855(84.8) 814(83.2)

74008410 rs535774727 G/T 1 (0.6) 1 (0.5) 0 0 0 0

74008572 rs16938762 G/A 31 (17.8) 43 (19.9) 27 (13.6) 1 (0.1) 0 0

74008619 rs145843246 G/C 6 (3.4) 4 (1.9) 11 (5.6) 3 (0.3) 3 (0.3) 0

74008620 rs200051782 AAT/A 6 (3.4) 4 (1.9) 11 (5.6) 3 (0.3) 3 (0.3) 0

74008621 rs879519398 ATTCT/A 6 (3.4) - - - - -

74008905 rs111614245 T/C 2 (1.1) 0 1 (0.5) 0 0 0

74009186 rs142908478 G/A 3 (1.7) 4 (1.9) 11 (5.6) 3 (0.3) 3 (0.3) 0

74009351 rs186800931 C/T 1 (0.6) 0 0 0 0 1 (0.1)

74009397 rs1563714175 A/AG 8 (4.6) - - - - -

74009408 rs141329231 G/A 1 (0.6) 0 0 0 0 0

74009413 rs148081046 G/A 1 (0.6) 0 0 0 0 0

74009418 rs373694698 G/A 2 (1.1) 0 0 0 0 0

74009547 rs1448213899 A/T 4 (2.3) - - - - -

Intron 2
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74019877 rs147547464 A/G 5 (2.9) 10 (4.6) 4 (2.0) 0 10 (1.0) 18 (1.8)

74019902 rs6472813 G/C 36 (20.7) 69 (31.9) 64 (32.3) 822 (81.7) 867 (86.0) 826 (84.5)

74019915 rs142925908 G/A 35 (20.1) 49 (22.7) 30 (15.2) 1 (0.1) 0 0

74020084 rs7819708 A/G 36 (20.7) 69 (31.9) 64 (32.3) 822 (81.7) 867 (86.0) 826 (84.5)

74020100 rs146658813 T/C 12 (6.9) 8 (3.7) 3 (1.5) 1 (0.1) 0 0

74020206 rs146530931 A/G 23 (13.2) 23 (10.6) 12 (6.1) 1 (0.1) 0 0

74020243 rs143140587 G/A 5 (2.9) 20 (9.3) 15 (7.6) 0 0 0

74020579 rs560070947 C/T 2 (1.1) 0 0 1 (0.1) 0 0

74021017 rs6993513 C/T 104 (59.8) 97 (44.9) 101 (51.0) 183 (18.2) 141 (14.0) 151 (15.4)

74021169 rs541016211 C/T 3 (1.7)

74021344 rs113066143 A/G 73 (42.0) 71 (32.9) 76 (38.4) 147 (14.6) 109 (10.8) 97 (9.9)

74021523 rs529510601 A/G 3 (1.7) 1 (0.5) 1 (0.5) 0 0 0

74021723 rs191612377 A/G 1 (0.6) 1 (0.5) 5 (2.5) 0 0 0

74021806 rs180826310 C/A 4 (2.3) 10 (4.6) 4 (2.0) 0 10 (1.0) 18 (1.8)

74022021 rs183365413 G/A 6 (3.4) 3 (1.4) 0 0 0 0

74022051 rs143055276 C/A 1 (0.6) 0 0 4 (0.4) 0 1 (0.1)

74022102 rs55917243 G/A 73 (42.0) 71 (32.9) 77 (38.9) 147 (14.6) 109 (10.8) 97 (9.9)

74022145 rs11998059 A/C 29 (16.7) 50 (23.1) 33 (16.7) 1 (0.1) 0 0

74022301 rs77754189 C/G 73 (42.0) 71 (32.9) 78 (39.4) 147 (14.6) 110 (10.9) 97 (9.9)

74022303 rs115331465 G/A 4 (2.3) 10 (4.6) 4 (2.0) 0 10 (1.0) 18 (1.8)

74022422 rs71733528 C/CA 29 (16.7) - - - - -

74022597 rs74940078 G/T 19 (10.9) - - - - -

74022599 rs1190589339 G/T 2 (1.1) - - - - -

74022639 rs1402990689 C/T 3 (1.7) - - - - -

74022648 rs28513078 C/A 31(17.8) 62(28.7) 57(28.8) 813(80.8) 859(85.2) 809(82.7)

74022649 rs187932458 G/A 27 (15.5) 16 (7.4) 20 (10.1) 36 (3.6) 22 (2.2) 37 (3.8)

74022689 rs552270680 C/A 3 (1.7) 1 (0.5) 1 (0.5) 0 0 0

74022727 rs28667879 T/C 29 (16.7) 50 (23.1) 32 (16.2) 1 (0.1) 0 0

74022924 rs557953887 A/G 2 (1.1) 0 0 0 0 0

74023074 rs28496706 G/C 29 (16.7) 50 (23.1) 33 (16.7) 1 (0.1) 0 0

74023173 rs75276516 G/T 6 (3.4) 20 (9.3) 15 (7.6) 0 0 0

74023329 rs528880274 C/T 2 (1.1) 0 0 0 0 0

74023376 rs7838114 G/A 36 (20.7) 69 (31.9) 64 (32.3) 822 (81.7) 867 (86.0) 826 (84.5)

74023438 rs75913616 T/G 4 (2.3) 10 (4.6) 4 (2.0) 0 10 (1.0) 18 (1.8)

74023464 rs7838017 C/T 106 (60.9) 97 (44.9) 101 (51.0) 183 (18.2) 141 (14.0) 152 (15.5)

74023573 rs75084868 C/T 4 (2.3) 10 (4.6) 4 (2.0) 4 (0.4) 10 (1.0) 22 (2.2)

74023854 rs114128949 T/C 1 (0.6) 4 (1.9) 2 (1.0) 0 0 0

74024292 rs1037493201 T/C 3 (1.7) - - - - -

74024457 rs112541809 G/A 23 (13.2) 23 (10.6) 13 (6.6) 1 (0.1) 0 0

74024593 rs80343839 C/T 26 (14.9) 16 (7.4) 20 (10.1) 36 (3.6) 22 (2.2) 38 (3.9)

74024594 rs56230757 G/A 73 (42.0) 71 (32.9) 77 (38.9) 147 (14.6) 109 (10.8) 98 (10.0)

74024640 rs73335860 T/A 27 (15.5) 16 (7.4) 20 (10.1) 36 (3.6) 22 (2.2) 37 (3.8)

74024705 rs115865211 A/C 14 (8.0) 14 (6.5) 9 (4.5) 0 0 0

74024733 rs559630662 T/G 3 (1.7) - - - - -

74024829 rs73335866 A/G 23 (13.2) 23 (10.6) 12 (6.1) 1 (0.1) 0 0

74025203 rs73335869 G/C 23 (13.2) 18 (8.3) 11 (5.6) 1 (0.1) 0 0

74025388 rs111233473 T/C 29 (16.7) 50 (23.1) 32 (16.2) 1 (0.1) 0 0

74025733 rs147904637 C/T 1 (0.6) 3 (1.4) 1 (0.5) 0 0 0

74025782 rs189419975 C/A 2 (1.1) 3 (1.4) 2 (1.0) 0 0 0

74025964 rs141504244 C/T 5 (2.9) 5 (2.3) 2 (1.0) 0 0 0

74025977 rs10106026 C/T 29 (16.7) 50 (23.1) 32 (16.2) 1 (0.1) 0 0

74026100 rs148158912 A/T 3 (1.7) 0 10 (5.1) 0 0 0

74026145 rs112264636 C/CTATT 109 (62.6) 147 (68.1) 134 (67.7) 184 (18.3) 141 (14) 152 (15.5)

74026148 rs200345119 TA/T 29 (16.7) - - - - -

74026152 rs879272932 A/ATATT 29 (16.7) - - - - -

74026466 rs201476283 C/CA 6 (3.4) - - - - -

74026468 rs199501702 AG/A 6 (3.4) 17 (7.9) 15 (7.6) 0 0 0

74026471 rs180939394 T/C 6 (3.4) 19 (8.8) 15 (7.6) 0 0 0

74026940 rs11379988 C/CT 7 (4.0) - - - - -

74027018 rs573220510 C/T 3 (1.7) 0 0 0 0 0

74027024 rs183250931 G/C 1 (0.6) 2 (0.9) 1 (0.5) 0 0 0

74027146 rs1179055086 C/T 1 (0.6) - - - - -

74027439 rs138887132 G/A 4 (2.3) 10 (4.6) 4 (2.0) 0 10 (1.0) 18 (1.8)

74027829 rs60745123 A/C 34 (19.5) 50 (23.1) 32 (16.2) 1 (0.1) 0 0

74027865 rs191067849 G/A 1 (0.6) 2 (0.9) 0 0 0 0

74027953 rs116539549 T/C 4 (2.3) 3 (1.4) 1 (0.5) 0 0 0

74027996 rs565907234 G/A 1 (0.6) - - - - -

74028276 rs7820086 T/C 73 (42) 71 (32.9) 77 (38.9) 147 (14.6) 109 (10.8) 97 (9.9)

74028312 rs182486475 G/A 3 (1.7) 0 0 0 0 0

74028442 rs544252525 A/G 2 (1.1) - - - - -

74028472 rs75218174 T/C 2 (1.1) 10 (4.6) 4 (2.0) 0 0 0

74028613 rs146198500 G/T 3 (1.7) 0 4 (2.0) 0 0 0

74028651 rs2114169 T/A 36 (20.7) 69 (31.9) 64 (32.3) 822 (81.7) 866 (85.9) 826 (84.5)

74028658 rs193263455 C/A 1 (0.6) 1 (0.5) 0 0 0 0

74028771 rs2891354 C/T 37 (21.3) 69 (31.9) 64 (32.3) 822 (81.7) 867 (86) 826 (84.5)

74028793 LY96  NI-10 G/A 1 (0.6) - - - - -

74028948 rs11466003 C/T 4 (2.3) 10 (4.6) 4 (2.0) 0 10 (1.0) 18 (1.8)

Intron 4

Intron 3

Wt/mut: wildtype/mutant referring to major and minor alleles, respectively; SA: South Africa; YRI: Yoruba in Ibadan,  
Nigeria; LWK: Luhya from Webuye, Kenya; EUR: European population; EAS: East Asians population; SAS: South Asian 
population; Grey shaded boxes represent significant comparisons to the South African population (SA); -: No non reference 
calls reported for this variant in 1000 genomes (assumption that they are monomorphic). NI: Newly identified variant. 
Indels are indicated with bold base changes.  
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