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Abstract 

HIV-1 co-receptors such as CCR5 and CXCR6 have been shown to influence HIV-1 

acquisition and disease progression to AIDS. Two CCR5 (rs746492, rs553615728) and two 

CXCR6 (rs2234355, rs2234358) single nucleotide polymorphisms (SNPs) that could 

potentially serve as protective (rs553615728 and rs2234355) and deleterious (rs746492 and 

rs2234358) markers in the context of HIV-1 control were reported in Johannesburg (JHB) 

(Picton et al., 2017; Koor et al., 2019) To investigate the roles of these variants further, this 

study was undertaken in Durban (DBN), with the aim of comparing the results of the two cohort 

studies, given that the epidemic dynamics may differ between the two geographic regions. 

 

The study also describes the screening, recruitment as well as the characteristics and challenges 

of this process. A total of 287/590 met the eligibility criteria. The majority (73.7%) of the 

screened participants in this cohort were female with the median age of 29 years. The 

predominant mode of HIV-1 transmission was heterosexual (98.1%). Intermittent condom 

usage with regular partners and consistent condom usage with casual partners was reported.  

 

The final cohort recruited was assigned to phenotypic groups based on their CD4+ T-cell counts 

and viral load (VL) measurements -Progressors (N=200; CD4+ T-cell <200 cells/µl and 

VL>10,000 RNA copies/ml) and Controllers (N=87; CD4+ T-cell >500 cells/µl and VL <2000 

RNA copies/ml). These categories were defined using data from a single time point only at an 

unknown stage after HIV-1 infection. The Controllers were further sub-grouped into elite 

controllers (ECs, N=31; VL <50 RNA copies/ml) and viraemic controllers (VCs, N=56; 

VL>50<2000 RNA copies/ml). The median age was comparable between the Controller and 

Progressor groups but the number of females was significantly more frequent in the Controllers 

(both ECs and VCs). For this reason gender was used to stratify some of the analyses below. 

Data for the same SNPs in a control HIV-1 negative cohort of 87 black South Africans and 

from  HIV-1 infected cohorts from JHB (N=134 and N=113), were obtained from two separate 

studies for comparative purposes. 

 

Comparison of allelic and genotypic frequencies of the CCR5 rs746492, CXCR6 rs2234355 

and CXCR6 rs2234358 SNPs between the HCs and other reference populations revealed some 

interesting results. Not unexpectedly, all three SNPs showed significantly different allelic 

representation compared to the EUR population, with CXCR6 rs2224355 showing the largest 

difference (P<0.0001) due to the rarity of this SNP in the EUR population group. Compared to 
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the African populations, the HC group was more similar to the East African population and 

significantly different to the West African population.  

 

Comparisons of both allelic and genotypic frequencies for all four variants in the DBN cohort 

revealed no significant differences for both the CCR5 SNPs and the CXCR6 rs223455 SNP. 

However, CXCR6 rs2234358 minor allele (T) and minor allele homozygosity (TT) showed 

strong trends of underrepresentation in VCs compared to HCs (P=0.05 for both). When we 

compared representation of these variants across JHB and DBN cohorts, there were significant 

differences in the CCR5 rs746492 minor (G) allele frequency in the Controller groups (P=0.02). 

The CXCR6 rs2234355 genotypic frequency was significantly different between the JHB and 

DBN cohorts in the Progressor (P=0.03) and VC (P=0.04) groups. The allelic and genotypic 

frequencies for the CCR5 and CXCR6 SNPs in the DBN cohort were more aligned with HCs. 

 

Assessing the effect of these variants on VL in the Progressor group showed no significant 

associations with the CCR5 genotypes. Interestingly, the CXCR6 rs2234358 SNP was 

significantly associated with higher VL (P=0.0003) with no significant associations of these 

variants on CD4+  T-cell count.  

 

The CXCR6 rs2234355 SNP genotypes were significantly differentially distributed between 

genders in the Controllers, Progressors, and VCs. Given the difference in gender distribution, 

we assessed the effect on female VCs and Progressors. There was a strong trend of 

overrepresentation in VCs compared to Progressors in females (P=0.055) as well as the CXCR6 

rs2234355 SNP in dominant mode (GA+AA) (P=0.078). 

 

The combined effect of the two CXCR6 variants was assessed. The CXCR6 rs2234355 

protective genotype (GA+AA) in the absence of CXCR6 rs2234358 deleterious genotype (TT) 

showed a significant higher representation in VCs versus Progressors (P=0.034) and this 

association was strengthened when females alone were compared between these two study 

groups (P=0.018). Frequency of 3-SNP genotype combination across CCR5 and CXCR6 were 

not significantly different between VCs and HCs.  

 

In conclusion, the most significant findings in this study centred on CXCR6 and not CCR5, 

with a stronger effect seen in the female gender. The differences seen between the DBN and 

JHB cohorts suggest that either ethnic differences, or the epidemic dynamics, or a combination 

of both may be contributing factors, and that careful consideration needs to be applied in future 
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analyses going forward with regard to merging data across cohorts. Lastly and importantly, this 

study has served to yet again highlight an important role for CXCR6 in viraemic and not elite 

natural HIV-1 control.  
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1.1. The HIV-1 epidemic 

The acquired immunodeficiency syndrome (AIDS) was first described in 1981 and was initially 

thought to be caused by a human T-lymphotropic retrovirus (HTLV) (Barre-Sinoussi et al., 

1983). Human immunodeficiency virus (HIV), a retrovirus found in 1986 which at that time was mainly 

associated with homosexual men is the causative of AIDS (Coffin et al., 1986).  HIV is classified 

into two different types, human immunodeficiency virus type 1 and 2 (HIV-1 and HIV-2). HIV-

2 disease progression is slower than in HIV-1 and is less infectious. HIV-2 has limited effects 

on survival in most infected adults (Marlink et al., 1994), although it seemingly shows the same 

clinical symptoms to HIV-1 (Norrgren et al., 1995). Globally, HIV-1 predominates and it is 

accountable for most infections worldwide, whereas HIV-2 is very rare outside of West Africa 

(Campbell-Yesufu and Gandhi, 2011). 

Epidemiological and genetic evidence suggests that introduction of HIV into humans happened 

by zoonosis (human infection originating from animals) and by means of numerous 

independent transmission events from the sooty mangabey (SM, Cercocebus atys) and 

chimpanzee (Pan troglodytes) (Santiago et al., 2005). The most common mode of transmission 

of the virus is through sexual transmission, with heterosexual transmission being the 

predominant mode in most developing countries. Other modes of transmission are through the 

sharing of contaminated needles, infected blood or blood products, mother to child and donated 

organs (Adler, 2001). Although there was a great deal of public concern when HIV/AIDS was 

discovered, the virus is not spread by casual or social contact.  

Globally, in 2019, an estimated 37.9 million individuals were infected with HIV and about 1.7 

million amongst them were children <15 years of age (UNAIDS, 2019). There was a global 

decline in deaths and in AIDS-related illness mainly due to the progress made by the 

availability of antiretroviral therapy (ART) in sub-Saharan Africa, mostly in eastern and 

southern Africa, with 53% of the world’s HIV infected individuals (UNAIDS, 2018a). The 

gender gap is still prominent in sub-Saharan Africa, where women account for 56% of people 

living with HIV (UNAIDS, 2018a). South Africa (SA) has the highest HIV infection rate 

globally, with approximately 7.7 million individuals living with HIV in 2018 (UNAIDS, 

2018b) and KwaZulu Natal (KZN) has the highest HIV-1 prevalence of the nine provinces in 

SA, estimated at 27% in 2017 (HSRC, 2018).  

Without treatment, HIV-1 infection leads to functional impairment of lymphocyte populations 

(Brenchley et al., 2004) and impairment in CD4 positive T-lymphocytes (CD4+ T-cells), CD8 
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positive T-lymphocytes (CD8+ T-cells), Natural killer cells (NK cells) and B lymphocytes (B-

cells) (Sauce et al., 2011), bringing about disease progression to AIDS-defining illnesses and 

loss of cellular immunity. The use of ART has resulted in a significant reduction in the 

morbidity and mortality associated with HIV-1 infection for persons with access to treatment 

(Lohse et al., 2007). Most individuals on ART have achieved substantial reconstitution of their 

CD4+ T-cell numbers and almost complete viral suppression. Despite this achievement, ART 

is not curative and it has numerous limitations, which include short and long term toxicities 

leading to discontinuation of therapy and rapid rebound of viral replication (Chawla et al., 

2018; Chun et al., 1997). Therefore, further advances in treatment and new therapeutic 

interventions with the aim of attaining HIV remission, if not a “cure”, are still urgently required. 

 

1.2. HIV entry and integration into the target cell 

The first step of the HIV life cycle is viral entry into the target cell. This is a multistep process 

which is dependent on the sequential interactions with two host receptors namely, the CD4+ T-

cell receptor and a co-receptor (a number of co-receptors have been identified).  The CD4-

domain of the viral glycoprotein 120 (gp120) binds to the CD4 receptor on the host cell, 

bringing about a conformational change in gp120 enabling it to bind to either the seven 

transmembrane CC chemokine receptor type-5 (CCR5) or the seven transmembrane CXC 

chemokine receptor type 4 (CXCR4 or fusin) on the cell surface depending on viral tropism 

(Dean et al., 1996; Feng et al., 1996). Binding of gp120 to the CD4 receptor and the co-receptor 

triggers another conformational change in glycoprotein 41 (gp41) (Luciw et al., 1996; Archin 

et al., 2014) enabling gp41 to fuse with the cellular membrane leading to the uncoating of the 

viral capsid and releasing its components into the cytoplasm (Balakrishna and Kondapi, 2016) 

as shown on Figure 1.1. 

 

Activation of the viral reverse transcriptase (RT) enzyme occurs in the cytoplasm where it   

transcribes the single-strand HIV ribonucleic acid (RNA) genome into complementary DNA 

(cDNA), whereby the RNA strand is simultaneously degraded as the deoxyribonucleic acid 

(DNA) is being synthesised (Hu and Hughes, 2012). Thereafter the single-stranded cDNA is 

converted by the DNA polymerase into a double-stranded DNA which migrates into the cell 

nucleus (Sloan and Wainberg, 2011). The viral integrase (IN) enzyme then inserts the proviral 

genome at random into the human host cell genome. HIV infection in the cell and development 

of a persistent infection are finalized when the proviral DNA is integrated (Hindmarsh and 
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Leis, 1999). The main co-receptors utilised by HIV-1 are CCR5 and CXCR4, but other co-

receptors have also been identified which can support HIV-1, HIV-2 and SIV infection as 

potential co-receptors such as -CCR1, CCR2B, CCR3, CCR4, CCR6, CCR8, CXCR1, 

CXCR3, CXCR6, CX3CR1, ChemR23, apelin receptor (APJ), and CXCR7 (Pollakis and 

Paxton, 2012; Arenzana-Seisdedos and Parmentier, 2006). 

 

 

 

 

Figure 1.1. Schematic representing different conformational changes in gp120 and gp41 upon 

binding to the host cell surface receptors.  Reproduced from Balakrishna and Kondapi (2016). 

 

1.3. Immune response to HIV-1 infection 

HIV-1 infection is characterized by the progressive decline of CD4+ T-cell counts and surge of 

viral replication leading to high viral load (VL), with eventual stabilization to a viral load set 

point (VLS) (Pilcher et al., 2004), indicative of the immune system’s partially successful 

attempt to fight off the virus in the absence of ART. The immune system employs multiple 

mechanisms in order to protect the body from diseases. The mechanisms fundamental to the 

establishment of VLS a couple of months after acute infection are likely to involve the interplay 

between host immune responses and viral replication (Mellors et al., 2007). The immune 

system can broadly be divided into two components, namely the innate immune system and 

the adaptive immune system (Janeway, 1989). 
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1.3.1. The innate immune response  

The early innate immune response, prior to the activation of the adaptive response, determines 

the course of HIV-1 disease progression. Innate immune cells (i.e. NK cells and dendritic cells 

(DCs), are part of the first line of defence when HIV-1 enters the body. NK cells, the 

counterpart of the T-lymphocytes (T-cells) of the adaptive immunity, produce pro-

inflammatory cytokines and cytotoxic molecules which possess anti-HIV properties (Biron et 

al., 1999) and also undertake the surveillance and killing of foreign or infected cells. NK cells 

have a diverse set of receptors on their surface and recognise human leukocyte antigen (HLA) 

molecules. A major group of these receptors are the killer immunoglobulin-like receptors 

(KIRs) (Long et al., 1996). DCs play an important role in linking innate and adaptive immunity 

by processing foreign antigens and presenting it to components of the adaptive immune system 

(Palucka and Banchereau, 1999). Plasmacytoid DCs (pDCs), a subset of DCs, secrete 

significant amounts of pro-inflammatory cytokines IL-6, tumour necrosis factor (TNFα) and 

macrophage inflammatory protein (MIP-1β)  as well as inflammatory cytokines such as 

interferon alpha (IFN- α), and interferon beta (IFN-β) (Gilliet and Lande, 2008), which regulate 

T, B, and NK cell responses, together with IFN-α/β in response to viral infections. The 

secretion of these cytokines set up an antiviral environment thus inhibiting viral replication, 

activating and recruiting other immune cells and inducing adaptive immune responses 

(Carrington and Alter, 2012). 

 

1.3.2. Adaptive immune response 

The adaptive immune response which involves the T and B-cells is the most critical component 

in the control of HIV-1 infection (Bonilla and Ottegen, 2010). Entry of HIV into the target T-

cells induces the cellular immune response and synthesis of viral proteins. An immune response 

is initiated when the major histocompatibility complex (MHC) class I on the cell surface 

presents the intracellularly degraded HIV peptide fragments which are recognised by T-cell 

receptors (TCR) on cluster of differentiation 8 cells (CD8+ T-cells) (Hansson et al., 2002). 

CD8+ T-cells play an important role in viral eradication by producing cytokines that inhibit 

viral replication (Cocchi et al., 1995), as well as secretion of perforin and granzymes A and B 

which are involved in the cytolysis of virus-infected cells resulting in the decline of viraemia 

after primary infection (Wherry et al., 2003). B-cell mediated antibody responses to HIV-1 

infection are first present around 8 days post viral load detection in the form of immune 

complexes (Tomaras et al., 2008). Antibody-dependent cell-mediated cytotoxicity (ADCC) (a 

cytolytic mechanism based on antibody coating of an infected cell), is another B-cell associated 
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mechanism of clearing infectious agents which promotes lysis of target cells by effector cells 

(mainly NK cells) (Chung et al., 2009). Longterm survivors of HIV-1 infection who maintain 

high of CD4+ T-cell counts and low VLs have been shown to have high levels of neutralizing 

antibodies (Cao et al., 1995). 

 

1.4. The course of HIV-1 infection 

HIV-1 progressively weakens the body's ability to combat viruses and some cancers over time. 

Individuals infected with HIV-1 are more likely to develop life-threatening diseases and 

opportunistic infections, and if left untreated, they will eventually die. Clinically, there are 

three major phases of adult HIV-1 infection: acute, chronic, and AIDS (Figure 1.2). The acute 

or primary infection phase which is characterized by flu-like symptoms with fever, fatigue, 

muscle aches, nausea and diarrhoea, may persist for 2 to 4 weeks (Coffin and Swanstrom 2013). 

Acute infection is marked by high viraemia of up to 107 copies or more of viral RNA copies/ml 

of blood, peaking around 6 weeks after infection and severe CD4+ T cell loss. HIV-1-specific 

antibodies and cytotoxic T-lymphocytes (CTLs, in the form of CD8+ T-cells) that target HIV-

1 antigens expressed on infected cells make an appearance after 3-6 weeks of infection (Coffin 

and Swanstrom, 2013). During this acute phase of peak viraemia, high titres of HIV-1 are 

detected in the blood using a p24 antigen test; however, HIV antibody tests such as enzyme 

immunoassay are often negative in the first three weeks (Fiebig et al., 2003). Individuals in 

this stage of infection are the most infectious because of the high VL in blood and genital 

secretions - over half of HIV transmissions may take place during this period (Shaw and 

Hunter, 2012).  

At the end of the acute phase there is a marked drop in VL with the establishment of a VLS, 

likely as the result of partial immune control as well as exhaustion of activated CD4+ T-cells. 

The rate of disease progression has been associated with VLS where a lower VLS was 

associated with a slower rate of disease progression and vice versa (Mellors et al., 1995). The 

asymptomatic chronic phase, or the latency period, ranges from 1-10 years where there is a 

gradual decrease in CD4+ T-cell counts and an incremental increase in viraemia (Bashirova et 

al., 2011). 
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Figure 1.2.  Schematic showing the typical course of HIV-1 infection. Reproduced from 

Kallings (2008). 

 

The final stage, AIDS stage, is characterised by progressive loss of the CD4+ T-cells (< 200 

cells/ml of blood), severe impairment of immune function and high levels of viraemia - thereby 

consequently resulting in opportunistic infections (such as Candidiasis, cytomegalovirus and 

herpes simplex virus), neurological complications (AIDS dementia complex) and neoplasms 

(Kaposi‟s sarcoma), that would rarely occur in persons with intact immune function 

(Hutchinson, 2001). It has been reported that the period from initial infection to clinical AIDS 

in adults is approximately 8 to 11 years (Porter et al., 1999), although about 10% of persons 

will rapidly progress to AIDS in 2 to 3 years following HIV infection (Klatt et al., 2013). The 

numbers of CD4+ T-cells continue to decrease, with anaemia and marked lymphopenia 

frequently detected during the AIDS phase. 

While HIV-1 infection of CD4+ T-cells is likely the primary cause of CD4+ T-cell death during 

acute phase of HIV-1 infection, the relatively low frequency of HIV or simian 

immunodeficiency virus (SIV) infected CD4+ T-cells (0.01-1%) during chronic infection 

appears insufficient to account for the observed ongoing CD4+ T-cell depletion (Chun et al., 

1997; Mattapallil et al., 2005).  During the acute and chronic phases of infection, the main 
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cause of CD4+ T-cell death appears to be cytolysis, apoptosis (Mattapallil et al., 2005) and pyroptosis 

(Doitsch et al., 2014) induced by HIV-1 infection, while the HIV-specific immune response also 

contributes by killing infected CD4+ T-cells (Walker et al., 1987). 

Following the establishment of infection, HIV spreads locally at first, then quickly across the 

body to other lymphoid tissues. HIV-1 infects and substantially depletes CD4+ T-cells in a 

variety of tissues during acute infection, especially in the gastrointestinal tract (GIT) and lymph 

nodes (LNs) (Schacker et al., 2001; Brenchley et al., 2004; Mattapallil et al., 2005). This 

massive infection also induces the homing of CD4+ T-cells to lymphoid tissue (Chen et al., 

2002), explaining the depletion of CD4+ T-cells from peripheral blood. In addition, HIV-1 

infection gradually reduces the immune system's capacity to compensate for the constant death 

of CD4+ T-cells. One study of acute SIV infection around 80% of memory CD4+ T-cells were 

lost initially, with up to 60% of memory CD4+ T-cells infected at the peak of infection 

(Mattapallil et al., 2005).As a consequence, over time the continual death of CD4+ T-cells 

overcomes the homeostatic capabilities of the immune system resulting in the gradual depletion 

of CD4+ T-cells. 

The depletion of CD4+ T-cells has been shown to be due to ongoing and persistent T-cell 

activation even in virally suppressed HIV-1 infected individuals on ARVs (Bofill et al., 1995; 

Liu et al., 1996; Giorgi et al., 1999). Due to continual antigenic stimulation, resting T-cells are 

activated (Matsuyama et al., 1991; Swingler et al., 1999), undergo proliferation (Hellerstein et 

al., 1999; Deeks et al., 2002) and apoptosis (Gougeon et al., 1996; Meyaard et al., 1992; 

Ameisen et al., 1991), resulting in naïve and memory CD4+ T-cells being continually lost 

(Grossman et al., 2002). The mechanism of this chronic systemic immune activation is driven 

by circulating microbial products derived from the GIT (Brenchley et al., 2006). 

Immune exhaustion is characterised by the expression of programmed death 1 (PD-1) 

inhibitory receptor on effector CD8+ T-cells in HIV chronic infection, rendering CD8+ T-cells 

unresponsive leading to disease progression (Day et al., 2006). There is a close association 

between immune activation and exhaustion as expression of PD-1 is also found on activated 

CD4+ and CD8+ T-cells, B-cells and myeloid cells (Agata et al., 1996). Immune activation and 

exhaustion have also been related to the loss of regulatory T-cells (Sachdeva et al., 2010). 
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1.5. Natural control of HIV-1 infection   

As already mentioned, a number of factors including viral, environmental and the host, 

influence HIV-1 disease outcome and thus infected individuals tend to exhibit differential 

disease progression. In the absence of ART, the majority of HIV-1 infected individuals 

progress to AIDS within 10 years of infection (Lyles et al., 2000). However, there exists a 

small group of HIV-infected individuals who can spontaneously control their VLs and/or 

preserve their CD4+ T-cells for extended periods in the absence of ART - broadly termed HIV 

controllers (shown in Figure 1.3). This group may represent a natural model for a ‘functional 

cure’ whereby infected individuals control viral replication and remain asymptomatic for a long 

period of time in the absence of ART. Different models of natural control of HIV-1 have been 

previously described (Al-Jabri, 2007, Mens et al., 2010). Definitions employed for individuals 

at both ends of the disease progression spectrum tend to vary in different studies. 

 

 

Figure 1.3. Schematic representation of different rates of disease progression to AIDS in 

various individuals. Reproduced from Gonzalo-Gil et al. (2017). 

Elite controllers (ECs) are individuals who effectively suppress the virus to <50 RNA copies/ml 

and maintain high CD4+ T-cell counts, generally >500 cells/µl (Okulicz and Lambotte, 2011; 

Deeks and Walker, 2007), in the absence of ART, and are thought to occur in approximately 1 
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in 300 people (Walker, 2007). While ECs have undetectable viraemia by standard clinical 

assays, almost all of them have detectable levels of plasma viraemia when tested using more 

sensitive RNA detection assays in plasma, and viral blips of >50 RNA copies/ml are often seen 

(Pereyra et al., 2009; Hatano et al., 2010 and Pereyra et al., 2008). The study of ECs could 

provide clues into the immunological pathways important for controlling HIV-1. Other distinct 

groups such as long term non-progressors (LTNPs), are individuals who can maintain a stable 

and normal CD4+ T-cell count (generally >500 cells/µl) for ≥7 years, in the presence of 

detectable viraemia (Gurdasani et al., 2014), and viraemic controllers (VCs) tend to be defined 

by low VL set-points (generally VL>50<2000 RNA copies/ml) (Okulicz et al., 2009). HIV-

specific CD4+ T-cell responses have been found to display higher functionally avidity in ECs 

compared to progressors (Vingert et al., 2010).  

The secretion of cytokine IL-21 by HIV-specific CD4+ T-cells is associated with HIV-1 control 

and enhances the capacity of HIV-specific CTLs to suppress viral replication (Porichis and 

Kaufmann, 2012). Broader poly-functional CD8+ T-cell responses, which are characterized by 

a high frequency of cells capable of secreting multiple cytokines simultaneously, have been 

associated with lower viral loads and slow disease progression (Borrow et al., 1994). 

Furthermore, ECs tend to have human leukocyte antigen (HLA) alleles that are significantly 

associated with viral control (Fellay et al., 2007; Pereyra et al., 2008; Pereyra et al., 2010; 

Gonzalo-Gil et al., 2017). Defective HIV strains do not explain the clinical status of most ECs 

or HIV controllers -these individuals control HIV-1 infection through immune or other 

unknown mechanisms. On the opposite end of the spectrum are individuals who progress to 

AIDS within 3 years of viral infection and are termed rapid progressors (de Medeiros et al., 

2016). Most individuals however fall within the category of normal progressors. Therefore, 

studying individuals with variable HIV-control, from ECs to rapid progressors may facilitate 

in the understanding of factors associated with disease control and lack of control and may thus 

inform future vaccine, pharmaceutical and cure strategies.  

 

 

1.6. Simian immunodeficiency viruses and HIV-1 disease progression 

Simian immunodeficiency viruses (SIVs) are a group of viruses with a wide genetic range that 

infect a majority of African nonhuman primates (NHPs) - about 40 species of NHPs have been 

reported (Ansari and Silvertri, 2014). African NHPs such as African green monkeys (AGMs) 

and sooty mangabeys (SM) are natural host of SIV and despite high viral loads, infection in 

these primates is usually non-pathogenic (Raehtz et al., 2016). The lack of pathogenicity in 
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AGMs and SMs is thought to be a result of a million years of coevolution between the virus 

and the host (Keele et al., 2009).  

 

High viral loads and rapid turnover of infected cells accompanied by the lack of disease 

progression in select HIV-infected humans and SIV-infected rhesus macaques (RMs) as well 

as SIV-infected SMs and AGMs, suggests that this does not result from viral control or 

cytopathogenicity (Rey-Cuille et al., 1998; Pandrea et al., 2008), but can be attributed to 

limited infection and/or loss of specific CD4+ T-cell types, such as T-helper 17 (Th17) cells 

and T follicular helper (Tfh) cells in lymphoid tissue and central memory (Tcm) and stem-cell 

memory (Tscm) subsets (Paiardini et al., 2011; Cartwright et al., 2014; Brenchley et al., 2008). 

SIV-infected natural hosts lack key features of pathogenic infection, namely lymph node 

inflammation, fibrosis, progressive CD4+ T-cell loss and immune activation (Lackner et al., 

2012). The exact mechanisms by which natural hosts are able to avoid progression to AIDS in 

the presence of high viraemia is unknown and still need to be studied extensively. 

 

1.7. HIV-1 treatment and cure 

There is a marked decline in the morbidity and mortality associated with HIV infection for 

individuals with access to therapy as a result of the use of combination antiretroviral therapy 

(cART) (Lohse et al., 2007). Numerous ART-treated HIV-infected people gain almost 

complete viral suppression and significant reconstitution of CD4+ T-cell counts. The 

introduction of cART with different modes of action (Figure 1.4) significantly decreased the 

mortality associated with HIV-1 infection and improved the life expectancy of patients who 

commence on treatment early, with life expectancy now approaching that of the general 

population (Laila et al., 2019). Previously, clinicians had to weigh the benefits of treatment 

outcome against its risks such as drug interaction, resistance, toxicity, inconvenience of lifelong 

treatment and costs when choosing to initiate patients on ART. In 2016, universal test and treat 

(UTT) was embraced in South Africa and other southern African countries (Meintjes et al., 

2015), where ART initiation was available for all individuals who tested HIV-positive, 

irrespective of their CD4+ T-cell counts. However, despite this achievement, ART is not 

curative.  
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Figure 1.4.  Different antiretroviral regimens and their mode of actions. Reproduced from Laila 

et al. (2019). 

 

 

Interruption of therapy results in rapid viral rebound in most of HIV-1 infected persons due to 

replication-competent virus commonly refered to as the latent viral reservoir that resides in the 

long-lived infected cell populations (Chun et al., 1997). Similarly, long-term treated patients 

on an effective regimen still experience risk of non-AIDS-related complications, such as 

neurocognitive, kidney, liver and heart diseases and persistent immune dysfunction 

(Volberding and Deeks, 2010). Although ART is life-saving it does not fully restore normal 

immune function and is not cost-effective for both HIV-infected individuals and the 

government. Thus, given all these considerations of life-long ART, an effective vaccine and/or 

cure for HIV-1 should remain urgent necessities.  

To achieve either, it is important to characterize the drivers of immune activation and HIV-1 

pathogenesis. As the HIV-1 cure research field has grown over the last few years, it has become 

necessary to revisit and define various concepts of the term ‘cure’ (Davenport et al., 2019). 

Within this context, the concept of a ‘functional cure’ has emerged and is currently referred to 
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as ‘relapse-free remission’: the constant viral suppression without the need for ART. However, 

‘functional cure’ does not result in complete eradication of HIV-1 in the body (Deeks, 2012).  

Thus far the cure of the “Berlin patient”, together with the post-treatment control in a relatively 

large proportion adult individuals in the Visconti cohort and the SPARTAC trial (Sáez-Cirión 

et al., 2013; SPARTAC, 2013), the Mississippi child case of remission for a period of 27 

months off ART prior to viral rebound (Persaud et al., 2013; Luzuriaga et al., 2015 ), and 

durable post-treatment control in the early-treated French (Frange et al., 2016) and South 

African child cases (Violari et al., 2019), has led to enthusiasm for clinical research that aims 

to achieve HIV-1 remission without the continued need for ART. However, total eradication 

of HIV-1 remains a long term and extremely challenging goal. Stem cell transplantation with 

CCR5-negative cells has demonstrated that a cure for HIV infection is possible. The ‘Berlin 

patient’ (Hütter et al., 2009) and ‘London patient’ both attained HIV-1 remission (Gupta et al., 

2019) post bone marrow transplantation from a CCR5 negative donor. The ‘Berlin patient’ had 

no detectable VL for more than 12 years and is considered to have experienced a successful 

sterilising cure (Allers et al., 2011), although sadly has succumbed to his cancer and passed 

away. A ‘sterilising cure’ is achieved when the replication-competent HIV provirus is 

completely eliminated from the body. The presence of a latent reservoir is the main barrier to 

attaining sterilizing cure (Finzi et al., 1997). 

 

1.8. The influence of host genetic variation on HIV-1 infection 

Host genetic variability plays an important role in determining susceptibility or resistance to 

pathogenic viral infections, yet the exact mechanisms underlying different levels of resistance 

and viral control in HIV-1 infected individuals are relatively unknown. According to a review 

by Chatterjee (2010),  the host genes alleged to influence the rate of progression from HIV 

infection to AIDS are (i) genes that encode cell-surface receptors or affect their competence or 

serve as ligands, directly participating in HIV-1 entry into the cell and therefore influences the 

infection and the rate of disease progression; (ii) genes within HLA that regulate host immune 

response to infection and thus are important in inducing effective immune responses against 

any invading pathogens; and (iii) other cytokine or immune response genes that have been 

linked to a positive or negative impact on the rate of disease (Han et al., 1996). 
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1.8.1. Chemokine receptors 

Chemokine receptors are a family of proteins found on the surface of certain cells. Their 

name is derived from their ability to induce directed chemotaxis in nearby responsive 

cells; they are chemotactic cytokines therefore they interact with cytokines known as 

chemokines (Premack and Schall, 1996). There have been about 18 proteins classified as 

chemokine receptors in humans based on their specific chemokine preference namely: 

CCR1 through CCR11, CXCR1 through CXCR7, XCR1 as well as CX3CR1 (Murphy et 

al., 2000; Pollakis and Paxton, 2012). Each chemokine receptor has a rhodopsin-like 

seven- transmembrane (7TM) structure [termed G protein-coupled receptors (GPCRs)], 

that regulate leukocyte trafficking. The chemokine ligands that these receptors bind are 

small proteins (8– 12 kDa), mostly 70–80 amino acids long and the disulphide bonds 

between main cysteine residues give it a tertiary structure (Allen et al., 2007; Bachelerie 

et al., 2015). The 7TM structure consists of an extracellular N-terminus, an intracellular 

cytoplasmic C-terminal and alternating extracellular and intracellular loops in a structure 

illustrated on Figure 1.5. (Samson et al., 1996a). 
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Figure 1.5. Schematic representation of the CCR5 showing amino acid sequence and seven 

transmembrane structure. Residues in the 7-TM region (TM1-TM7) shown in grey rectangles, 

spanning α-helices. Extracellular and intracellular loop regions shown as EL and IL, 

respectively. Disulfide bridges are shown as lines connecting cysteines. Conservation of strong 

groups in CCR1-CCR5 shown in grey circles while the identical residues in CCR1-CCR5 are 

shown in grey circles with bold outline and the highly conserved residues in 

the rhodopsin family of GPCR shown in black circles. Reproduced from Paterlini (2002). 

 

 

 

1.8.1.1.  CCR5 chemokine receptor 

CCR5 is the co-receptor utilized by the R5 strain of HIV-1 to initiate infection (Alkhatib et al., 

1996). It is a member of the 7TM receptor superfamily of GPCRs and is expressed on various 

immune cells (including macrophages, monocytes, T-cells and DCs), vascular smooth muscle 

and fibroblasts, endothelium, epithelium, and neurons, microglia and astrocytes in the central 

nervous system (Rottman et al., 1997). CCR5 plays an important role in the regulation of T-

cells as well as the migration, proliferation and immune function of monocytes, especially in 

control of infiltration at the inflammation site (Eltayeb et al., 2007). The CCR5 co-receptor is 

used in the early phase of HIV-1 infection while the alternative co-receptor, CXCR4, is mainly 

found on naïve T-cells and is employed by HIV during the later disease stages in the typical 
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course of HIV/AIDS. CCR5 functions as the specific receptor for the chemokine ligands 3 

(CCL3), 4 (CCL4), and 5 (CCL5), whose primary role is in the migration of immune cells to 

sites of inflammation (Khorramdelazad et al., 2013). The role of CCR5 in HIV-1 infection is 

not restricted to the level of virus entrance, but also to disease progression.  

 

1.8.1.1.1. The CCR5 gene 

The human CCR5 gene is localized on chromosome 3p21.3 encoding 352 amino acid protein 

(Liu et al., 1996; Samson et al., 1996b) and consists of two introns and three exons. Exons 1 and 

2 cover most of the 5’-untranslated region (UTR) and exons 2A and 2B are not interrupted by 

an intron (Mummidi et al., 1997). Exons 2A and 2B are derived from exon 2 by alternative splicing 

and share the same 5’ sequence but differ from each other by the use of two distinct donor splice sites 

171 bp apart in the gene (D'Adamio et al., 1989). Exon 3 contains 11 base pairs of the 5'-UTR and 

the intron less open reading frame (ORF) (Moriuchi et al., 1997; Samson et al., 1996a). There 

are two promoter regions, an upstream promoter (PU also called P2) which lies upstream of 

exon 1 and a downstream promoter (PD also called P1) which lies in the region between intron 

1 and intron 2 (Figure 1.6A) (Moriuchi et al., 1997; Mummidi et al., 1997).  

 

Alternative splicing, as well as multiple transcription start sites, results in the production of 

several CCR5 mRNA transcripts differing in their 5'-UTR (Mummidi et al., 1997). The 

generation of multiple mRNA transcripts from the two CCR5 promoter sites is thought to 

regulate CCR5 gene expression. CCR5 mRNA transcripts generated from the upstream 

promoter (P2) undergo alternative splicing, giving rise to two transcripts, CCR5A and CCR5B. 

CCR5A mRNA transcripts contain the untranslated exon 2A while CCR5B transcripts lack 

exon 2A (Figure 1.6B) (Mummidi et al., 1997). Transcripts generated from the downstream 

promoter (P1) are referred to as “truncated” isoforms (Mummidi et al., 2007). 
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Figure 1.6. Schematic representation of: (A) the CCR5 gene, CCR5 consists of three exons 

(boxes). Exons 1, 2A, 2B, and exon 3 which encodes the ORF and the 3’-UTR. (B) CCR5 

mRNA transcripts designated as CCR5A and CCR5B arising from P2 alternative splicing. P1 

drives the expression of the transcripts that originate in exons 2A or 2B and this results in the 

formation of several “truncated” transcripts (Mummidi et al., 1997). Modified from Mummidi 

et al. (2007). 

 

 

1.8.1.1.2. Variation in the CCR5 gene  

A. CCR5∆32 polymorphism 

Polymorphisms found in the CCR5 gene have been associated with resistance and susceptibility 

and to HIV-1 infection and disease progression. Genetic analysis of the ORF of the gene by 

Lui et al. (1996), revealed that CCR5∆32 (rs333) is characterized by a 32-base pair deletion in 

the region encoding the second extracellular loop of CCR5 (exon 3/ORF region) (Liu et al., 

1996) which results in a truncation of the expressed protein (215 amino acid protein vs. 352 

amino acid residues in the wild type), preventing the expression of CCR5 on the cell surface 

(Liu et al., 1996). Individuals homozygous for the CCR5Δ32 allele are protected against 

acquisition of R5 tropic HIV-1 (McDermott et al., 1998), while individuals heterozygous for 

the CCR5Δ32 polymorphism have been associated with a significantly slower disease 

progression (Mulhenin et al., 2003; O'Brien et al., 1997). Population studies report remarkable 
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ethnic and population differences in the representation of SNPs and other variants within the 

CCR5 gene. The CCR5Δ32 allele has been shown to be present in 10% of Europeans and it is 

rarely found or absent in Asians or Africans (Hladik et al., 2005). In addition to the association 

with HIV-1 infection, the CCR5∆32 allele is associated with various chronic inflammatory 

diseases (Barcellos et al., 2000; Zernecke et al., 2008; Rautenbach and Williams, 2020).  

 

B. CCR5 haplotypes 

Polymorphisms in CCR5 and CCR2 genes are in strong LD (Carrington et al., 1999), 

performing combined analysis on these genes has assisted in creating extended haplotypes. 

Haplotypes have been described differently by various groups, based on SNPs/indels within 

the CCR5 regulatory region as well as based on linkage with CCR2, they have been associated 

with variation in rates of HIV-1 disease progression (Gonzalez et al., 1999; Martin et al., 

1998). The HHA-HHG*2 CCR5 haplotype designation which includes the CCR5∆32 and 

CCR2-V64I polymorphisms in addition to select promoter variants (Gonzalez et al. 1999; 

Mummidi et al. 1998) has been the favoured nomenclature in subsequent studies. The CCR2-

V64I mutation resides in the CC-chemokine receptor 2 (CCR2) gene and results in a valine to 

isoleucine substitution (further discussed in 1.8.1.2). 

Gonzalez et al. (1999) and Mummidi et al. (1998) identified nine evolutionarily distinct 

haplotype groups, CCR5 human haplotype (HH) designated as HHA, HHB, HHC, HHD, HHE, 

HHF (F*1 and F*2) and HHG (G*1 and G*2) shown in Figure 1.7. These haplotypes were 

defined based on seven SNPs at positions, namely -2733, -2554, -2459, -2135, -2132, - 2086 

and -1835 within the CCR5 5' regulatory region in combination with the CCR5∆32 and CCR2-

V64I polymorphisms as mentioned above. HHG*1 and HHG*2 are differentiated by the 

presence of the CCR5Δ32 mutation in the HHG*2 haplotype, while HHF*1 and HHF*2 are 

differentiated by the presence of CCR2-V64I mutation in HHF*1 (Gonzalez et al., 1999; 

Mummidi et al., 2000). The HHA haplotype was identified as the ancestral CCR5 haplotype as 

it was shared with other NHPs such as chimpanzees (Mummidi et al., 2000). Haplotypes have 

been associated with varying rates of HIV-1 acquisition and disease progression and, 

furthermore, they are differently distributed with different disease modifying-effects between 

race groups (Gonzalez et al., 1999; Gonzalez et al., 2001).  

The HHC haplotype was associated with disease acceleration in African Americans and it was 

shown to be associated with delayed HIV-1 progression to AIDS in Caucasian and Hispanic 
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populations (Li et al., 2005; Nguyen et al., 2004; Gonzalez et al., 1999; Martin et al., 1998). 

HHE homozygosity was associated with disease acceleration and rapid progression to death in 

Caucasians and Thais (although the HHE heterozygosity did not show a similar effect), 

however HHE homozygosity was not associated with disease modifying-effects in African 

Americans (Kaur et al., 2007). Pairing of HHE with HHC was associated with faster rate of 

progression to AIDS in African Americans (Gonzalez et al., 1999). The HHG*2 and HHF*2 

haplotypes containing the CCR5∆32 and CCR2-V64I mutations, respectively, have been shown 

to be associated with slower disease progression in Caucasians as well as in African Americans 

(Gonzalez et al., 1999; Kaur and Mehra, 2009 The HHA/HHG*2, HHC/HHG*2 and 

HHF*2/HHG*2 genotypes in individuals heterozygous for CCR5∆32 have been associated 

with slow HIV-1 disease progression (Catano et al., 2011). In contrast the HHE/HHG*2 

genotype is associated with accelerated disease progression (Catano et al., 2011). 

 

 

Figure 1.7. Schematic representation of the CCR5 haplotypes displaying 9 evolutionarily 

distinct haplotypes involving CCR5 promoter region SNPs, CCR2-V64I and CCR5Δ32 

mutations. Modified from Kaur and Mehra (2009). 
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Ten haplotypes in the CCR5 promoter region have been identified (CCR5P1 to CCR5P10) 

(Martin et al., 1998). These authors demonstrated that homozygosity for the CCR5P1 allele 

was associated with an accelerated progression to AIDS within the first 5 years of infection 

(Martin et al., 1998).  

 

C. CCR5 promoter polymorphisms 

The CCR5-2459G/A (rs1799987) polymorphism, also known as 59029G/A or 303G/A, a 

mutation found in the promoter region of the CCR5 gene and part of the haplotypes described 

above, has been reported to be associated with variations in the clinical course of HIV-1 

infection (Kaur et al., 2007; An et al., 2000; McDermott et al., 1998; Martin et al., 1998). The 

CCR5-2459G allele has been associated with a negative effect on the expression of CCR5 in 

both T-helper cells and CD14+ monocytes in individuals showing resistance to HIV-1 infection 

despite multiple and repeated exposures to the virus (Hladik et al., 2005; Salkowitz et al., 

2003). The CCR5-2459G allele exhibits lower promoter activity than CCR5-2459A; 

individuals homozygous for -2459A allele progress to AIDS and death more rapidly compared 

to individuals homozygous for the -2459G allele (Knudsen et al., 2001; McDermott et al., 

1998; Gong et al., 2017).  

In the CCR5-2135C/T SNP (also a promoter variant part of described haplotypes), the T allele 

was also associated with a protective effect against vertical transmission of HIV-1 (Pedersen 

et al., 2007). The CCR5−2459G and CCR5−2135T alleles have been found to be in very strong 

LD with each other (Gonzalez et al., 1999; Clegg et al., 2000). Individuals without these 

genotypes demonstrate slower progression towards AIDS (Clegg et al., 2000). Promoter 

variants can affect transcription factor binding. This was shown by Bream et al. (1999) who 

reported that some CCR5 variants bind select transcription factors more efficiently than others 

(Bream et al., 1999). 

 

D.  Mutations affecting the coding sequence of CCR5  

In addition to the CCR5∆32 mutation, other mutations in the CCR5 coding region have been 

described. The FS299 variant is found at a 3 to 4% allelic frequency in Asians and this mutation 

introduces frame-shifts which causes a premature termination of the CCR5 protein in the 7TM  

domain and complete absence of the C-terminal (Blanpain et al., 2000). This is similar to the 

CCR5Δ32 variant, where there is failure of CCR5 transportation to the cell surface but still has 

the ability to bind HIV however with reduced efficiency (Blanpain et al., 2000), hence FS299 
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is associated with slow disease progression. Other mutations such as C20S, A29S and C269F 

disturb the formation of disulfide bridges, therefore modifying surface expression of the receptor 

and its ability to bind ligands (Carrington et al., 1999; Blanpain et al., 2000), while other 

mutations result in very low or undetectable levels of surface receptor (i.e. C269F, C101X and 

G106R). 

 

The C101X (also known as T303A or CCR5m303), results from a (T-to-A) substitution at 

position 303 in the ORF of the CCR5 gene and introduces a premature stop codon (Quillent et 

al., 1998). This variant leads to the lack of expression of a functional CCR5 protein and 

abrogation of its HIV-1 co-receptor function. C101X was identified in less than 1 % Caucasians 

(Quillent et al., 1998) and was not detected in the South African Black population (Williamson 

et al., 2000). Individuals with CCR5m303/∆32 genotype are resistant to infection and it is 

assumed that CCR5m303 has similar effects to CCR5∆32 in delaying disease progression 

(Quillent et al., 1998). 

 

Unlike CCR5Δ32, most of these CCR5 variants are rare, with frequencies lower than 1–2%, 

and only existing in specific populations. Hence, their role in HIV-1 disease progression has 

not been properly established (Arenzana-Seisdedos and Parmentier, 2006; Blanpain et al., 

2000; Capoulade-Métay et al., 2004). The rare C20S, C101X, and T303A alleles are present in 

Europeans also carrying the more common CCR5Δ32 allele (Carrington et al., 1997; Quillent 

et al., 1998), which suggest that the effects of mutant alleles in these rare mutations may confer 

resistance to HIV-1 infection in vitro when they are in combination with CCR5Δ32 (Quillent 

et al., 1998).  

  

E. Other mutations found within the CCR5 gene 

Numerous polymorphisms have been reported in the CCR5 gene (Martin et al., 1998; Dean et 

al., 1996; Mummidi et al., 1998; Smith et al., 1997). One of these is an intergenic SNP 

(rs1015164G/A) downstream of the CCL2 gene which affects an antisense long noncoding 

RNA (lncRNA), termed CCR5AS that overlaps with the CCR5gene. The rs1015164G/A SNP 

has been shown to have an effect independent of the CCR5∆32 mutation (McLaren et al., 2015) 

and to be important in the outcome of HIV-1 infection in individuals of European descent. 

Recently, Kulkarni et al. (2019) demonstrated the deleterious effect of the rs1015164A allele 

in African Americans, Hispanics and Japanese HIV infected individuals who lack CCR5∆32. 

These authors demonstrated that CCR5AS regulates CCR5 expression by interfering with RALY    
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an RNA-binding protein that binds to the CCR5 3’-UTR, hence enhancing CCR5 mRNA 

stability resulting in higher viral loads and increased susceptibility to HIV-1 infection. This 

discovery is important because noncoding genetic elements have an effect on the susceptibility 

and progression of infectious diseases (Ellwanger et al., 2018). A 24 base pair deletion, 

CCR5∆24, was detected in Rwanda (Masquelier et al., 2007).  

 

Recently, this CCR5∆24 genetic variant, similar to CCR5∆32, was associated with protection 

against HIV-1 infection in Rwandans (Arendt et al., 2019), with 99.27% of individuals 

harbouring two wild-type CCR5 alleles but only 0.73% being heterozygous for CCR5∆24 while 

in Kenya the prevalence of CCR5∆24 was 0.55% in infants (Arendt et al., 2019). The CCR5∆24 

polymorphism affects the CCR5 expression on the cell surface and it may have a similar effect 

in Africans as that of CCR5∆32 in Europeans. 

CCR5 expression levels in the host are determined by CCR5 gene and promoter polymorphisms 

(Samson et al., 1996a) as well as epigenetic factors (Gornalusse et al., 2015). CCR5 expression 

levels on cell surfaces impact several different stages of HIV-1 pathogenesis and disease 

outcomes with low CCR5 surface expression associated with a protective phenotype (Catano 

et al., 2011). The CCR5 expression level variability also can influence the process of 

envelope glycoprotein (Env) evolution thereby oppressing virus fitness and progression to 

AIDS (Jakobsen et al., 2013). Polymorphisms in the cis-regulatory regions of CCR5 may 

explain the differential expression of CCR5 (van Damme, 2002). Despite the fact that the 5′-

UTR has been widely studied, remarkably, the genetic variation in the CCR5 3′-UTR (a region 

increasingly presented to be significant for the regulation of mRNA) is poorly understood 

(Koor et al., 2019).  

 

Single nucleotide polymorphisms in the CCR5 gene have recently been shown to influence 

HIV-1 control in a South African cohort study of black South African HIV-1 infected 

controllers (N=71) and progressors (N=74) in Johannesburg, which showed that two SNPs in 

the CCR5 gene, one in the 5’-UTR (-4223C/T, rs553615728) (identified by Gornalusse et al., 

2015) and the other in the 3’-UTR (+2919T/G, rs746492) that can serve as protective and 

deleterious markers in the context of HIV-1 control, respectively (Koor et al., 2019). These 

two SNPs occurred at relatively high allelic frequencies in most study groups, CCR5 rs746492 

minor allele (G): Progressors (45.3%); Controllers (30.8%); ECs (30.4%) and VCs (31.8%) 

and CCR5 rs553615728 minor allele (T): Progressors (3.4%); Controllers (4.2%); VCs (6.8%), 
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with CCR5 rs553615728-T allele being absent in ECs. The CCR5 rs746492 and CCR5 

rs553615728 SNPs are the focus of the current study. 

 

The CCR5 rs553615728 SNP has been associated with the disruption of the cytidine phosphate 

guanidine (CpG) dinucleotide within the cis-region of CCR5, known as the CpG-41 (the binding 

site for DNA methylation). This mutation is exclusively found in individuals from southern 

Africa and suggested to be implicated in protection from HIV-1 acquisition and in HIV-1 

control in black South Africans (Gornalusse et al., 2015, Koor et al., 2019). 

 

The HHF haplotypes appear to be linked to the CCR5 rs746492 SNP in black South Africans 

compared to Caucasians (Picton et al., 2010). Koor et al. (2019) report the CCR5 rs746492 SNP 

in         strong LD with the CCR5 promoter HHE, HHF*1, HHF*2 and HHG*1 haplotypes as well as 

the two SNPs discussed earlier (-2135C/T and -2459G/A SNPs – termed 5′-UTR-2SNP-hap). 

These findings raised the question as to which polymorphism is responsible for the deleterious 

effect on HIV-1 control in black South Africans. Hence, information on CCR5 genetic variation 

in HIV-1 infected individuals will provide a better understanding on how CCR5 host gene 

expression influences the response to HIV-1 exposure in protection and/or disease acceleration. 

 

1.8.1.2. CCR2 polymorphism (V64I)  

The CC-chemokine receptor 2 (CCR2) is one of the few chemokine receptors that are 

considered as the minor co-receptors of HIV-1 cell entry (Smith et al., 1997; Kostrikis et al., 

1998). The CCR2 gene is located on the same chromosome as the CCR5 gene (Samson et al., 

1996a; Lee, 1998) and it has two isoforms as a result of alternative splicing: CCR2A and 

CCR2B.  A mutation (G to A) resulting in an amino acid change, valine (GTC) to isoleucine 

(ATC) at codon 64 (CCR2-V64I), was found in the first transmembrane domain of CCR2A and 

CCR2B (Nakayama et al., 2004).  

 

The CCR2-V64I polymorphism is present in all populations studied thus far, with an allelic 

frequency between 10 and 25% depending on the ethnic population and is associated with 

delayed progression to AIDS by approximately 2-4 years when compared to individuals 

possessing the homozygous wild type (Smith et al., 1997; Kaur and Mehra, 2009; Doms and 

Pieper, 1997; Mulherin et al., 2003). CCR2-V64I homozygosity has also been associated with 

reduced risk of acquiring HIV-1 in discordant couples in Thailand (Louisirirotchanakul et al., 

2002) and was found to delay HIV-1 disease progression, after the child has been infected in 

the study conducted by Mangano et al. (2000). However, the association of chemokine and 
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chemokine receptor genetic polymorphisms like CCR2-V64I with HIV-1 transmission and/or 

rate of disease progression remains highly controversial as some studies have failed to show 

this association (Hladik et al., 2005; Schinkel et al., 1999). In yet another study the CCR2-

V64I was found to have no effect on mother to child transmission in mothers in Western Kenya 

(Brouwer et al., 2005). Ioannidis et al. (2001) reported that HIV-1 infected adults with 

homozygous wild-type genotypes of both CCR5 and CCR2 progressed more rapidly to AIDS. 

Furthermore, the protective effects of CCR2-V64I mutation have been shown to be population 

specific, although here too results seem to be contradictory (Mummidi et al., 1998; Smith et 

al., 1997). Smith et al. (1997) reported the association of CCR2 64I mutation with delayed 

disease progression to AIDS in Caucasian, but not African HIV-1 infected individuals, while 

Mummidi et al. (1998) reported the opposite. 

 

1.8.1.3. CXCR6 chemokine receptor 

Cellular targeting by HIV or SIV is largely dependent on CD4 receptor and chemokine co-

receptor expression levels. HIV-1 gains entry into cells by binding to CD4 and a co-receptor, 

typically CCR5 or CXCR4 as previously discussed in 1.2. In contrast to HIV-1, a number of 

SIV strains use CCR5 as a major co-receptor and rarely utilize CXCR4 for entry into host cells, 

however they have been shown, in vitro, to be capable of utilizing a number of human 

alternative co-receptors, including CCR2B, G protein-coupled receptor 1 (GPR1), GPR15 

(BOB), and CC chemokine receptor type 6 (CXCR6) (Bonzo/STRL33/CD186/TYMSTR) 

(Deng et al., 1997; Alkhatib et al., 1997; Edinger et al., 1998). 

 

CXCR6 is differently expressed by subsets of effector CD4+ memory T-cells, plasma cells, NK 

cells and NK T-cells (Kim et al., 2001; Nakayama et al., 2003). A minority of HIV-1 variants 

have been shown to be capable of infecting cells expressing other co-receptors such as CXCR6 

and CCR2B (Blaak et al., 2005). Primary isolates of HIV-2, that have been isolated from 

individuals with undetectable plasma viraemia, have been shown to infect cells using the 

CXCR6 co-receptor in addition to CCR5 and CXCR4 (Blaak et al., 2005). Primary isolates of 

HIV-1, which are able to use CXCR6 in virus entry have been reported by Zhang et al. (2001). 

As mentioned above, CXCR6 can also function as a co-receptor for SIVs (Liao et al., 1997; 

Alkhatib et al., 1997; Deng et al., 1997). CXC chemokine ligand 16 (CXCL16), also referred 

to as scavenger receptor for phosphatidylserine and low density lipoprotein (SR-PSOX), is the 

only known ligand of CXCR6 (Hofnagel et al., 2011) and will be discussed in more detail in 

section 1.8.2. 
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While many strains of SIV are thought to use CCR5 as the major entry co-receptor in vivo, 

there have been a fair amount of inconsistencies reported in this area. Firstly, Chen et al. (1998) 

reported that SIVrcm, isolated from red-capped mangabeys (RCMs), which have a high allelic 

frequency (86.6%) of a CCR5 inactivating deletion (RCM-CCR5∆24), utilizes CCR2B rather 

than CCR5 for entry. Secondly, CCR5-deficient sooty mangabeys are susceptible to SIVsmm 

as they may use alternative co-receptors for entry if they carry mutant CCR5 alleles (SM-

CCR5∆24 and SM-CCR5∆24) that inhibit CCR5 surface expression (Chen et al., 1998; Riddick 

et al., 2010). Riddick et al. (2010) reported that about 50% SIVsmm infected animals carried 

homozygous CCR5 mutant alleles and showed robust viral replication which was only slightly 

lower than replication in animals with WT CCR5 alleles. CXCR6 was found to be the main co-

receptor in vitro and ex vivo in SIVagmSab which is the SIV that infects sabaeus AGMs 

(Wetzel et al., 2017). SIVagmVer which infects vervet AGMs, also can utilize non-CCR5 entry 

pathways for primary cell infection ex vivo and uses CXCR6 efficiently in vitro (Riddick et al., 

2015). These findings suggested that CCR5-independent pathways are a common feature for 

virus/host interactions in a number of natural hosts especially where the expression of CCR5 

is low or genetically absent. 

 

1.8.1.3.1. CXCR6 in HIV-1 infection 

Polymorphisms in chemokine-encoding genes such as CXCR6 have been implicated in 

differential outcomes of HIV-1 infection and disease progression (Duggal et al., 2003; Liao et 

al., 1997, Limou et al., 2010). In a subset of HIV-infected African-American intravenous drug 

users, a polymorphism (CXCR6-E3K, rs2234355) that results in a non-conservative alteration 

in the CXCR6 N-terminus was associated with higher rates of survival after infection with 

Pneumocystis carinii (Duggal et al., 2003). Another polymorphism located within the CXCR6 

gene (3'-UTR), the rs2234358 SNP, was linked to long-term non-progression of HIV-1 but not 

elite control in HIV-1 infected Caucasians (Limou et al., 2010). This association was confirmed 

in three other European-descent cohorts, making it the first non-HLA repeated association 

discovered using a GWAS method (Limou et al., 2010). Similarly, in a study conducted on a 

South African black population, the CXCR6 rs2234358-T allele (minor allele) was significantly 

lower in VCs compared to both progressors as well as healthy uninfected controls, while minor 

allele homozygosity (TT) was also significantly lower in VCs compared to both progressors 

and healthy uninfected controls (Picton et al., 2017).  
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The most significant association in this South African study, however, was the combination of 

heterozygosity for the CXCR6 rs2234355 SNP in the absence of the 3’-UTR rs2234358 SNP 

minor allele homozygosity, with VCs having 80% representation compared to 17% 

representation in progressors (P<1x10-7) (Picton et al., 2017). Hence a better understanding of 

the role of CXCR6 co-receptor in viraemic HIV-1 control could inform vaccine development 

and novel therapeutic modalities. 

 

1.8.2. Chemokines 

Chemokines are small low-molecular-weight proteins that serve as ligands, activating and 

signaling through specific receptors to regulate a variety of cellular functions such as growth, 

immune response, leukocyte trafficking, and angiogenesis (Viola and Luster, 2008). They are 

also chemotactic cytokines as they induce directed chemotaxis of certain cells that are in close 

proximity. There are numerous sub-families of chemokines (i.e. α, β, γ and δ refers to CXC, 

CC, C and CX3C respectively, where X is any amino acid) (Murphy et al., 2000) and well-

defined by the positions of consecutively conserved NH2-terminal cysteine residues (Figure 

1.8) (Zlotnik and Yoshie, 2000).  

Chemokines and their receptors play an important role in a number of physiological and 

pathological processes such as inflammation, HIV-1 infection as well as cancer (Szpakowska 

et al., 2012). Chemokines tend to be upregulated and the expression of their receptors altered 

in both acute and chronic HIV-1 infection (Wang et al., 2017). According to Angela-Covino 

et al. (2016), chemokines can either hinder or improve HIV replication, impacting both entry 

and post-entry occasions of the viral life cycle. Chemokines contribute to the variability in HIV 

pathogenesis, depending on the balance of their negative versus positive outcomes on HIV 

replication and spreading. 
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Figure 1.8. Schematic showing chemokine subclasses as per number and spatial organization 

of conserved cysteine residues in their N-terminus, black lines denote disulphide bridges. 

Reproduced from de Munnik et al. (2015). 

 

1.8.2.1. CC chemokines 

The CC chemokines (or β-chemokines) have two adjacent cysteines located close to the amino 

terminus (Broder and Collman, 1997; Horuk, 1999). The subfamily of the CC chemokines 

consists of 28 CC chemokine ligands (CCL) and they range from CCL1-CCL28.  The genes 

encoding this cluster of CC chemokines are mainly located on chromosome 17 in the 17q11.2-

q12 region. Findings over the past two decades have identified a close relationship between 

chemokines and HIV infection. This primary association was established by Cocchi et al. 

(1995) who found that a subset of these factors, namely the CC chemokines macrophage 

inflammatory protein-1α (MIP-1α)/CCL3, macrophage inflammatory protein-1β (MIP-

1β)/CCL4 and regulated upon activation, normal T-cell expressed and secreted 

(RANTES)/CCL5, the natural ligands of CCR5, could function as inhibitors of HIV in vitro. 

 

1.8.2.2. Copy number variation in CC chemokine ligands 

The human genome includes several insertions and deletions (indels) as well as duplications. 

These duplications can range from only a couple of base pairs long to whole chromosomal 

segments including whole gene clusters, e.g. the number of copies of a gene is replicated a 

variable number of times and the number of replications varies between individuals (Sharp et 

al., 2005). This polymorphism is termed copy number variation (CNV). The cluster of pro-

inflammatory CC chemokines contains 16 genes at 17q11.2–q12. Four of these genes include 
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the two firmly related, paralogous sets CCL3 -CC chemokine ligand 3-like (CCL3L) and CCL4 

-CC chemokine ligand 4-like (CCL4L) (Modi, 2004). At both the genomic and amino acid 

levels, members of each pair share 95% sequence identity. A particular characteristic of CCL3L 

and CCL4L is that they are present in variable copy numbers in the human genome. Townson 

et al. (2002) reported on the extent of CCL3L/CCL4L CNV in the Caucasian population. 

Although this association has been inconsistent, CNVs of the CC chemokine ligand 3-like1 

gene (CCL3L1) have been implicated in HIV-1 susceptibility (Shrestha et al., 2010). 

Copy numbers of these two chemokine genes range from 0-14 (Gonzalez et al., 2005) for 

CCL3L and 0-10 for CCL4L (Colobran et al., 2008). CCL3L/CCL4L copy number ranges also 

vary between different population groups. Individuals from African descent were found to have 

higher copy numbers with a median of 4-5 CCL3L copies (Gonzalez et al., 2005; Meddows-

Taylor et al., 2006) compared to Caucasian individuals with a median of 2 copies (Colobran et 

al., 2010). Non-human primates, chimpanzees, AGMs and RMs have been found to have even 

higher copy numbers compared to humans with a median of 9 CCL3L copies (Gonzalez et al., 

2005; Gornalusse et al., 2009; Lim et al., 2010). Elevated CCL3L and CCL4L1 copy numbers 

were associated with resistance to HIV-1 infection and slower rate of disease progression while 

only individuals with CCL3L/CCL4L copy numbers lower than the median of a population-

specific average are at the high risk of acquiring HIV (Gonzalez et al., 2005).  

Studies have investigated the importance of these chemokines in the context of HIV-1 infection 

and have found that the production of both CCL3 and CCL4 by CD8+ T-cells was significantly 

higher in asymptomatic HIV-1 infected individuals compared to uninfected individuals and 

infected individuals who have reached the AIDS phase of the infection, signifying that 

chemokine ligands play an important role in HIV-1 disease outcome (Cocchi et al., 2000). 

Associations between CCL3L and CCL4L CNV on HIV-1 disease progression are controversial 

with respect to the effect of CCL3L/CCL4L gene copy numbers on HIV-1 infection and disease 

progression (Shao et al., 2007; Bhattacharya et al., 2009; Urban et al., 2009). According to 

Shrestha et al. (2010) this controversy might be partly attributed to difference in methodologies 

used to quantify gene copy numbers. 

 

1.8.2.3. CXC chemokines ligands  

The CXC chemokines (α-chemokines) are a 16-member subfamily encoded by genes located 

mainly on the 4q12-21 chromosome region. A few individuals in this family have the 

tripeptide, glutamic acid-leucine-arginine (Glu-Leu-Arg or ELR sequence) situated close to the 
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N-terminus (Laing and Secombes, 2004). ELR-positive CXC chemokines (ELR+), such as 

CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, and CXCL8, are potent 

chemoattractants for neutrophils and promoters of angiogenesis, whereas ELR-negative CXC 

chemokines (ELR-), such as CXCL4, CXCL9, and CXCL10, are strong inhibitors of 

angiogenesis (Keeley et al., 2011). The fundamental role of the ELR+ CXC chemokine sub-

group is to promote the adherence of neutrophils to endothelial cells and surfaces towards 

inflammatory sites (Laing and Secombes, 2004).  

 

HIV-1 can cause increased cytokine and chemokine secretion through the innate immune 

response during the early stages of infection, promoting immune activation and resulting in a 

"cytokine storm". Immune activation was shown to arise between 1 and 3 days of hyper acute 

HIV-1 infection, while the “cytokine storm” is observed before peak viraemia (Stacey et al., 

2009; Ndhlovu et al., 2015). Some chemokines are believed to block HIV-1 entry into T-cells 

and macrophages, as well as impact HIV-1 disease through their capacity to advance 

inflammation (Landrø et al., 2009; Wang et al., 2017). 

 

CXCL16, is a member of the CXC chemokine family that is largely expressed on endothelial 

cells and it exists in both membrane-anchored and soluble forms mediating firm cell adhesion 

and chemotaxis (Matloubian et al., 2000; Wilbanks et al., 2001; Hofnagel et al., 2011). 

CXCL16 promotes the movement of activated T-cells into inflamed tissue and has been linked 

to the development of inflammatory diseases (Wilbanks et al., 2001; Wuttge et al., 2004).  In 

vitro experiments in the study conducted by Landrø et al. (2009) suggest that soluble CXCL16 

is not only a marker of inflammation, but also a pathogenic mediator in HIV-1 infected patients, 

enhancing inflammation and HIV-1 replication in those with elevated VL, irrespective of 

continuing ART. The authors also reported that increased CXCL16 serum levels are 

significantly correlated with disease progression in HIV-infected patients, and CXCL16 may 

reflect an interplay between inflammation and HIV-1 replication in untreated patients, leading 

to disease progression in HIV-1 infected individuals (Landrø et al., 2009). 

 

1.8.3. Variation in human leukocyte antigen (HLA) molecules 

The MHC is responsible for graft rejection as well as eliciting the strong responses to 

allogeneic tissues (Ingulli, 2010). The MHC genes, which are located in the short arm of 

chromosome 6, encode the human leukocyte antigens (HLAs) expressed on the cell surface.  

The MHC gene complex is the most polymorphic region of the human genome (Figure 1.9A) 
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(Ayala-García et al., 2012). There are two noteworthy classes of MHC molecules with different 

structure as well as function within the immune system, namely:  (i) HLA class I molecules, 

expressed on all nucleated cells, comprised of a membrane-spanning α chain encoded by the 

MHC genes on chromosome 6, and a β chain encoded by the β2-microglobulin gene located 

on chromosome 15 (Figure 1.9C); and (ii) HLA class II molecules which are comprised of two 

membrane-spanning chains, α and β, of similar size and both encoded by the MHC genes 

(Figure 1.9B). HLA class II molecules are expressed on B-cells, activated T-cells, and antigen-

presenting cells (APC) (Ingulli, 2010). HLA alleles have been associated with more than 100 

diseases including many autoimmune and infectious diseases, such as malaria and influenza 

(Matzaraki et al., 2017), as well as an association with different outcomes of HIV-1 infection. 

 

 

 

Figure 1.9.  Schematic showing the HLA complex genes and their protein product classes (I, 

II, and III). Reproduced from Ayala-García et al. (2012). 

 

 

Strong association between select HLA class I alleles and HIV-1 disease outcome have 

consistently been reported in the literature and in addition has been verified in GWAS (Pereyra 

et al., 2009; Fellay et al., 2007). The protective effects of certain HLA class I alleles are 
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associated with enhanced CD8+ T-cell mediated immunity (Kawashima et al., 2009). HLA 

class I presentation of HIV-1 epitopes derived from conserved regions of the HIV-1 genome 

to CD8+ T-cells can pressurize the virus to mutate resulting in immune viral escape which can 

be associated with a cost to viral fitness (Altfeld and Allen, 2006). 

A heterozygous HLA class I genotype has been associated with lowering HIV-1 VL by 

allowing the presentation of a larger range of peptides and reducing the risk of viral escape 

variants resulting in slower disease progression (Piacentini et al., 2009). In addition, various 

HLA alleles have been identified to be either beneficial or deleterious in the context of HIV-1 

infection. According to Kiepiela et al. (2004), HLA-B* 58:02 is deleterious whereas HLA-B* 

58:01 is associated with protection against HIV infection in a black South African cohort.  The 

HLA-B*57 and HLA-B*27 alleles are mostly enriched in HIV ECs (Shasha and Walker, 2013) 

and have the strongest influence on VLS and disease progression (Kaslow et al., 1996; Goulder 

et al., 1996; Kiepiela et al., 2004; Thomas et al., 2009). 

The most prevalent HLA-B*57 allele in the sub-Saharan African population is HLA-B*57:03 

and is expressed in approximately 4–5% people (Kløverpis et al., 2016). There is one amino 

acid difference between HLA-B*57:03 and HLA-B*57:02, where the latter is the less common 

of the HLA-B*57 alleles (Kløverpis et al., 2016). The HLA-B*57 alleles are also closely related 

to HLA-B*58:01 sharing many similarities and present many of the same epitopes and protect 

against HIV-1 progression (Kløverpris et al., 2016). Studies performed in countries heavily 

impacted by the HIV-1 outbreak, such as Botswana and South Africa, indicate that increased 

use of ART, as well as viral adaptation to protective HLA alleles (i.e. HLA-B*57 and HLA-

B*58:01), both influence the reduced virulence of transmitted viruses (Payne et al., 2014).  

In Caucasian HIV-1 infected individuals, the HLA class I alleles, HLA-B*35 and HLA-Cw*04 

(Carrington et al., 1999), as well as HLA-Cw*07 (Pereyra et al., 2010) have been associated 

with rapid progression to AIDS. In Sub-Saharan Africa the deleterious alleles HLA-B*18 and 

HLA-B*5802 were associated with high viral loads in HIV-1 infected Zulu/Xhosa individuals 

(Kiepiela et al., 2004). The strong protective effect of select host HLA class I alleles on disease 

progression has also been associated with receptor families such killer immunoglobulin-like 

receptors (KIRs) recognizing specific HLA class I. (Borges and Cosman, 2000).  

 

 



32 
 

1.8.4. Variation in killer immunoglobulin-like receptor (KIR) molecules and HIV-1 

control 

The Killer immunoglobulin-like receptors (KIRs) genes are found within the leukocyte 

receptor complex (LRC) on chromosome 19 (19q13.4) shown in Figure 1.10, (Carrington and 

Norman, 2003). KIRs are found on NK cells and effector memory T cells (van Bergen and 

Koning, 2010), whereas leukocyte immunoglobulin-like receptors (LILRs), are expressed on 

APCs such as DCs, monocytes, macrophages, and B-cells, as well as on  CD4+ and CD8+ T-

cells (Borges and Cosman, 2000). The main regulators of NK cell recognition of virus-infected 

cells are thought to be the KIRs, since these are the natural receptors for HLA class I 

(Rajalingam, 2012). 

 

 

Figure 1.10. Schematic representation of chromosome 19 (19q13.4) region where the KIR 

genes are located. Reproduced from Carrington and Norman (2003). 

 

Polymorphism and structural differences within the 14 KIR genes, and differences in 

expression confer additional differences in the ability of NK cells to identify and respond to 

virus-infected cells.(Alter et al., 2011; Caligiuri, 2008; Jost and Altfeld, 2012; Lanier, 2008).  

KIRs display incomplete specificity in their recognition of HLA ligands: KIR3DL1 and 

KIR3DS1 recognise HLA-A and HLA-B molecules with the Bw4 epitope, KIR2DL2 recognizes 

HLA-C of both C1 and C2 groups, KIR2DL3 recognises HLA-C of the C1 group exclusively 

and KIR2DL1 recognises HLA-C molecules of the C2 group exclusively (Moesta and Parham, 

2012). The effect of KIR-HLA combinations on clinical outcome of HIV-infected adults has 
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been reported. HIV-1-infected individuals expressing KIR3DS1 and HLA-Bw4 alleles with an 

isoleucine amino acid in position 80 (i.e. HLA Bw4-80I) progress slower to AIDS have lower 

VL and are protected against opportunistic infections compared to individuals without HLA-

Bw4-80I (Martin et al., 2007; Qi et al., 2006; Martin et al., 2002). 

Different cohort studies conducted in Thailand (Mori et al., 2015), Cote d’Ivoire (Jennes et al., 

2006), and South Africa (Mori et al., 2019), showed that HIV-infected individuals with HLA-

C*16:01 KIR2DL3 have worse clinical outcome, rapidly progressing to AIDS compared to 

those without this genotype. Yet in a prevention of mother-to-child transmission (PMTCT) 

South African cohort (Paximadis et al., 2011) and in intravenous drug users in Vietnam (Ravet 

et al., 2007), the HLA-C1-KIR2DL3 combination was protective against HIV-1 transmission. 

The possible explanation put forward for this discrepancy comes from a study examining the 

impact of KIRs in hepatitis C virus (HCV) infection (Khakoo et al., 2004). Those with HLA-

C1-KIR2DL3 combination who received a low dose HCV infection through needle stick 

transmission were able to resolve the infection compared to those receiving a high dose through 

blood transfusion. Although a plausible explanation of the protective role of HLA-C1-KIR2DL3 

in the PMTCT (Paximadis et al., 2011) and intravenous drug user (Ravet et al., 2007) studies 

could be due to the inoculum dose route of transmission, it is more likely due to the presence 

of the genotype combination HLA-C*16:01 KIR2DL3. 

In another PMTCT study exploring HIV-transmission regarding the mother/infant pair, KIR 

concordance or discordance with respect to a functional KIR2DS4, a higher risk of intrapartum 

transmission was seen if KIR2DS4 was present in the mother but absent in the infant while a 

higher intra-uterine transmission occurred if the soluble KIR2DS4 was present in the infant but 

absent in the mother (Hong et al., 2013). Two studies in highly exposed-uninfected individuals 

(Vince et al., 2014; Naranbhai et al., 2017) assessing the risk of HIV acquisition reported no 

HLA-KIR pair association, although Naranbhai et al. (2017) found the KIR2DL2/KIR2DS2 

haplotype associated with HIV control. The identification of HLA-KIR combinations which 

protect or make an individual susceptible to HIV-infection would be important to delineate in 

HIV-1 control. 

 

1.9. Recruitment of cohorts of HIV-1 infected individuals with long term follow up 

Throughout the HIV epidemic, cohorts of seroconverters have been followed longitudinally 

to describe virological, clinical and immunological course of the untreated and treated HIV 
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infection. Other factors associated with HIV-1 infection and transmission such as behavioural 

and psychosocial factors have also been studied (Gore-Felton and Koopman, 2008). Long-term 

follow-up of HIV-1 infected individuals in natural history studies sheds light on issues such as 

long-term non-progression and host genetic factors of resistance, effect of ART on disease 

progression, transmission during and after seroconversion, and the effects of a positive test on 

sexual risk behaviour (Etter et al., 2013).  

 

Snowball sampling, the use of the index participants or invitation letters and recruitment from 

existing studies or databases are some of the traditional recruitment methods that have been 

employed previously to invite patients to take part in research (Heerman et al., 2017; Rait et 

al., 2015), whereas the most recent common tracking methods include home visit, 

telephone/cell phone follow-up or contacting pre-identified contact persons (Hobden et al., 

2011). Additionally, social media is also increasingly being used for recruitment and follow-

up, however their success as well as feasibility in low-resource settings have not been reported 

(Gelinas et al., 2017. Numerous studies, both in paediatric and adult HIV-1 infection have been 

described with long term follow up. Studies in paediatric (Fox and Rosen, 2015; EPPICC study 

group, 2018) and adult (Rosen et al., 2007; Fox and Rosen, 2010) HIV-1 infection have been 

described with long term follow up. 

 

1.9.1.  Loss to follow-up 

A review of treatment-naïve HIV-infected adults at ART initiation in a South African single 

site retrospective cohort study, defined a loss to follow-up as three months late for a scheduled 

appointment without a later visit (Butler et al., 2018). Loss and withdrawal from study follow-

up is most common in longitudinal studies (Heerman et al., 2017). Therefore, for studies in 

medical research to be effective and successful, it is necessary to improve the capacity to 

maintain longitudinal cohorts taking cognisance of important cultural, logistical as well as 

social obstacles. Poverty associated factors (i.e. employment, informal housing, mobility, 

changing contact details as well as competing priorities such as child care), results in inefficient 

participant tracking and study participation (Onoya et al., 2011; Barakat-Haddad et al., 2009). 

HIV-1 associated stigma and risks associated to accidental HIV-status disclosure are the most 

common hurdles in HIV-related research (Onoya et al., 2011).   
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1.9.2.  Efforts to promote successful follow-up 

Maintaining regular communication has been identified as an important study retention strategy 

(Lee et al., 2000). Various communication approaches have been put forward that affect study 

completion rates (Beering et al., 2016). The use of all available contact mechanisms and 

channels, especially cell phones, have been shown to be important modalities for retaining 

follow-up, as fixed line telecommunications are not common in the highly mobile cohorts 

where most participants are in search for employment. These services have been used to both 

remind participants about study visits and to follow-up with missed visits (van Loggerenberg 

et al., 2008). Some of the strategies that usually make it easier to locate participants in the long 

term, thereby lowering the intensity and costs of contact attempts, are the provision and 

participant preference of addresses for relatives and rural homes and ensuring confidentiality 

is kept during all communication processes (Lee et al., 2000). Furthermore, relationships 

formed with the study staff members’, knowledge that if there are any emergencies participants 

will be referred to a wellness clinic for medical attention, regular counselling sessions and the 

financial compensation for study visits are additional factors that have definitely contributed 

to the high retention rates (van Loggerenberg et al., 2008).  

 

1.10.  Study rationale 

Studying models that represent HIV-1 control in comparison to HIV-1 progression may 

provide continued insights into mechanisms of host control, and may reveal specific targets or 

combination of factors that may be considered in developing new therapeutic strategies to attain 

a “functional cure”. It has been demonstrated that HIV-1 has become less virulent over time, 

resulting from the selective viral adaptation to associated protective HLA alleles with slow 

disease progression as compared to previous studies (Payne et al., 2014). The same could be 

true for other protective markers such as genetic variants associated with the co-receptors 

CCR5 and CXCR6.  

As previously mentioned, in a cohort of HIV-1 infected Controllers and Progressors in 

Johannesburg, South Africa, four SNPs, two in the CCR5 gene and two in the CXCR6 gene 

were identified, that can serve as markers (both protective and deleterious depending on the 

SNP) in the context of HIV-1 control. However, we cannot assume that similar results will be 

found in the Durban cohort, South Africa, where the epidemic dynamics are different. It is 

therefore necessary to test patients from different sites separately to determine whether the 
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same associations are seen. If they are, then the sample numbers can be increased by combining 

data across sites in future studies, but if not, then the host and viral factors found in the Durban 

cohort, the epicentre of the HIV epidemic in SA could be investigated further. 

 

1.10.1.    Aim of the study 

The overall aims of the study are: 

1. To describe the experiences, opportunities and challenges encountered in the recruitment 

process of the Durban cohort.  

2. To determine and compare the representation of protective/deleterious alleles and 

genotypes of chemokine receptors CCR5 and CXCR6, previously identified in HIV-1 

infected individuals showing variable levels of control in a Johannesburg cohort, to 

similarly HIV-1 infected individuals recruited in Durban.  

 

1.10.2.   Study specific objectives  

1. To aid with recruitment and to describe the experiences, opportunities and challenges 

of recruiting HIV-1 infected Controllers and Progressors in Durban from primary 

healthcare clinics (PHCs). 

2. To compare the representation of the CCR5 (rs746492 and rs553615728) and CXCR6 

(2234355 and rs2234358) variants in a subset of healthy black South African population 

(N=87) (Ramsay et al., 2016) to other reference population data obtained from the 1000 

Genomes Project (www.1000genomes.org). 

3. To genotype and subsequently determine if the protective and deleterious variants 

located in the CCR5 (rs746492 and rs553615728) and CXCR6 (2234355 and 

rs2234358) genes described in a Johannesburg cohort show similar findings with HIV-

1 control in the Durban cohort.  

4. To analyse the combined effect of protective/deleterious genotypes of CCR5/CXCR6 

and describe patterns of possession in HIV-1 infected Controllers and Progressors. 

 

 

 

 

 



37 
 

CHAPTER 2: Materials and Methods 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1.     Study design and participants 
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The Durban component of “HIV-1 Functional cure study” was conducted between October 

2015 and August 2018 at two eThekwini PHCs in Durban, KZN, namely Lancers Road and 

Chesterville clinics. HIV-1 infected individuals that were ≥ 18 years of age were screened from 

both PHCs and preliminary recruitment was based on their CD4+ T-cell count. These 

individuals had previously tested positive using HIV-1/2 rapid tests at the clinic’s voluntary 

counselling and testing (VCT) site. Participants were recruited irrespective of time since 

seroconversion or diagnosis and assigned into two broad groups, namely (i) Controllers: if 

CD4+ T-cell counts were >500 cells/µl with no additional age limit and (ii) Progressors: if 

CD4+ T-cell count <200 cells/µl and ≤35 years of age. Final enrolment onto the study however 

depended on HIV-1 RNA VL counts with Controllers having VLs <2000 RNA copies/ml and 

Progressors having VLs >10 000 RNA copies/ml. However these categories were defined 

using CD4+ T cell count and VL data from a single time point only with an unknown timing 

after HIV-1 infection. The study exclusion criteria included: current use of ART, evidence of 

an AIDS-defining illness except for tuberculosis (TB) and current pregnancy. The only known 

ART-exposed participants were the females who had been on the PMTCT programme prior to 

enrolment and disclosed the administration of single-dose nevirapine during labour. 

In addition to the HIV-1 infected individuals recruited in the Durban cohort there was an 

additional 3573 HIV-1 uninfected and infected black South African individuals termed South 

African Blacks (SABs), whose genotypic data was available for the following three SNPs, 

(CCR5 rs746492 and CXCR6 rs2234355 and rs2234358 SNPs). This data was sourced from 

the AWI-Gen H3 Africa study (Ramsay et al., 2016). Whole genome sequencing (WGS) was 

undertaken in a sub-group (N=100) of the 3573 individuals, which comprised HIV uninfected 

(N=87) and HIV infected (N=13) individuals. The HIV uninfected individuals (N=87), where 

in addition to the SNPs mentioned above, data for the CCR5 rs553615728C/T SNP was 

available are termed healthy controls (HCs) and this group was used for comparative purposes 

in the current study. The South African individuals who were part of the AWI-Gen H3-Africa 

study were 40-60 years of age, represented Zulu, Xhosa, Venda, Tsonga, Pedi, Sotho and 

Tswana ethnolinguistic groups and were recruited across three South African Health and 

Demographic Surveillance System sites namely: Agincourt, Dikgale and Soweto in 

Mpumalanga, Limpopo and Gauteng, respectively. Genomic DNA extraction and genotyping 

was performed as detailed by Ali et al. (2018).  
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Furthermore, this study included ART-naïve HIV-1 infected black South African 

individuals from Johannesburg (JHB) for comparative purposes and data was obtained 

from two separate studies. The CCR5 allelic and genotypic data was obtained from Koor 

et al. (2019), N=134 [Progressors (N=74) who were ART-naïve individuals requiring 

ART initiation upon enrolment and selected based on progression rate; Controllers 

(N=60) were characterised as: VCs (N=37) defined by CD4+ T-cell counts >500 cells/µl 

with VL< 2000 RNA copies/ml and ECs (N=23) with CD4+ T-cell counts >500 cells/µl 

and VL <50 RNA copies/ml. CXCR6 data was obtained from Picton et al. (2017), N=113 

individuals who were assigned into different groups based on  CD4+ T-cell counts and 

VL data obtained over several time points:  [Progressors (N=72), showed decline of  

CD4+ T-cell counts from above 500 cells/µl to <350 cells/µl, initiated on ART and had 

VL >10 000 RNA copies/ml, VCs (N=30) defined by CD4+ T-cell counts >500 cells/µl 

with VL <2000 RNA copies/ml and ECs (N=11) with CD4+ T-cell counts >500 cells/µl 

and had at least one VL test yielding <50  RNA copies/ml. The JHB cohort had a 

comparable number of females between Controllers and Progressors.    

 

2.1.1. Screening and enrolment procedures 

Once the purpose of the study was explained in the participant’s language of choice (either 

English or IsiZulu) and IsiZulu was mainly used, voluntary informed consent (IC) forms were 

signed by study participants.  Documentation consenting to long term storage of samples was 

also obtained voluntarily from all study participants. Structured study questionnaires were also 

administered to ascertain the mode of HIV acquisition, estimate time of diagnosis, ART history 

as well as detailed information on sexual behaviour for all participants on their first study visit. 

Blood samples were taken for VL determination and participants asked to return to the PHC 

after a week for their VL results. Those who did not meet the study criteria were “exited” from 

any further follow up procedures within the study. Those who met the VL study criteria had 

blood samples collected and blood was processed: this included isolation and cryopreservation 

of peripheral blood mononuclear cells (PBMCs) and storage of serum, plasma and whole blood 

(with and without RNA-later). Enrolled participants also voluntarily signed an IC form for 

genetic testing. Study related questionnaires regarding the educational background, medical 

history, sociodemographic characteristics and locator information were also completed. Signed 

copies of all IC forms were given to all study participants. The study design is outlined in 

Figure 2.1. 
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This recruitment strategy was modified in September 2016 when the National Department of 

Health in South Africa, adopted the World Health Organisation (WHO) recommendations of 

universal treatment to all adults living with HIV, regardless of CD4+ T-cell count (WHO, 

2016). Upon identification in the “blood room”, all documentation and study procedures for 

the first study visit and enrolment visit were conducted on the same day for the Progressor 

group due to participants in this group being initiated on antiretroviral (ARVs) immediately. 

We had estimated from previous VL estimations that most of these participants would meet the 

inclusion criteria. Controllers were counselled to commence ART after enrolment in keeping 

with the South African National Department of Health ART guidelines.  

 

2.1.2. Follow-up procedures 

Six monthly follow-up visits were scheduled for the Controller group at which whole blood 

was collected for CD4+ T-cell count, VL determination and for the processing and storage of 

PBMCs, serum, plasma and whole blood for DNA and RNA isolation. Participant contact 

details were updated (if necessary) at each visit and for those who reported ART initiation, 

other study-related documents were completed and the date of ART initiation recorded. All 

participants, upon recruitment and follow-up visits, were financially compensated for their time 

and effort in the study, and/or for costs associated with travels during the study consultation at 

each study-related visit. Analysis of longitudinal follow-up data collected was still in progress 

at the time of submission of this dissertation and therefore was not included for the purposes 

of this study. One of the analyses included the testing of the presence of ARV drug levels in 

plasma samples for participants in the EC group to determine and confirm individuals as “true” 

Controllers.  
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Figure 2.1. Flow diagram showing HIV-1 study design for the HIV-1 Functional cure study.  
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2.2. Laboratory methods 

2.2.1. CD4+ T-cell count enumeration 

CD4+ T-cell counts were performed by National Health Laboratory Services (NHLS) 

(Addington laboratory, Durban, KZN, South Africa) for all participants as part of HIV routine 

care and management. The NHLS used the Pan Leucogating (PLG) method for CD4+ T-cell 

enumeration (Beckman Coulter) (Glencross et al., 2008). 

 

2.2.2. HIV-1 RNA measurements 

The HIV-1 viral loads were determined using the Roche Cobas® 6800/8800 System (Roche 

Diagnostic Systems, Mannheim, Germany) at the NHLS Department of Virology (Durban, 

KZN, South Africa). For statistical purposes, all VL results that were either lower than 

detectable limit (LDL) or <50 RNA copies/ml were imputed as half the limit of detection (20 

RNA copies/ml). Therefore, a value of 10 RNA copies/ml, was imputed for all undetectable 

VL measurements. 

 

2.2.3. Specimen preparation and storage 

Blood samples were collected in ethylene-diamine-tetra-acetic acid (EDTA) and serum 

separating tubes (SSTs). An aliquot of EDTA whole blood was stored at -80ºC and the 

remaining blood was processed for PBMC separation (see below) and cryopreservation. The 

plasma recovered from all EDTA blood collections was stored in aliquots at -80ºC. Serum 

recovered post centrifugation of the SSTs was also stored at -80ºC. Manual and an electronic 

sample inventory files were created for all sample aliquots stored from all study participants.  

 

2.2.4. Peripheral Blood Mononuclear Cells (PBMCs) separation and storage 

PBMCs were isolated from blood samples anticoagulated with EDTA by density gradient 

centrifugation (Ficoll-Paque) using standard methods (Ulmer et al., 1984) and stored in 90% 

fetal bovine serum (FBS), 10% dimethyl sulfoxide (DMSO) at -80ºC for short term and then 

in liquid nitrogen for long term storage. 

 

2.2.5. Extraction of genomic DNA 

Genomic DNA (gDNA) was isolated according to the manufacturer’s instructions from stored 

whole blood sample using the QIAamp DNA Blood Mini kit (Qiagen, Dusseldorf, Germany). 

The DNA was quantified using Nano Drop 2000 (Thermo Fisher Scientific, Massachusetts, 

USA) and stored at -20ºC until further use. 
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2.2.6.     Single nucleotide polymorphism (SNP) genotyping 

Two different assays were used to genotype the CCR5 and CXCR6 SNPs of interest. The one 

assay, namely the CT shift assay, is an in-house designed assay that is SYBR green based, and 

the second assay, is a predesigned Taqman probe-based assay that is commercially available. 

Details are provided below. 

 

 2.2.6.1.    Real-time CT Shift Assay 

The real-time cycle threshold (CT) shift assay use shifts in cycle threshold to delineate between 

different genotypes due to the mispriming 3’ end nonspecific primer nucleotides. This assay 

uses allele-specific polymerase chain reaction (PCR) with two primers, one specific for the 

mutant allele (Mt), the other specific to the wild type (WT), as well as a common reverse or 

forward primer, whose orientation depends on the orientation of the allele-specific primers. 

Each of the specific WT and Mt primers has a locked nucleic acid (LNA) modified 

oligonucleotide at the 3’ end nucleotide of the primer specific for either the WT or Mt allele, 

respectively. Using highly thermo-stable LNA oligonucleotides in a primer is advantageous for 

several reasons: one can use a shorter primer, obtain high sensitivity and affinity binding 

compared to non-LNA primers, the primer melting temperature is increased and there is less 

mispriming resulting in larger CT shifts.  

  

An in-house real-time SYBR green CT shift assay was set up in 384 well-thermal block plates 

and amplified on an Applied BiosystemsTM  QuantStudioTM 5 Real Time System and analysed 

using the QuantStudio Design and Analysis software v.1.5.1, to  genotype the CCR5 

rs553615728 (C/T) SNP at position -4223 (5’-UTR), and two CXCR6 SNPs, namely rs2234358 

(G/T) and rs2234355 (G/A) at positions +1071 (3’-UTR) and +7 (ORF), respectively 

(Jaumdally et al., 2017, Picton et al., 2017). In this genotyping assay, two qPCR reactions were 

performed per sample: one reaction using 10µM of wild type (WT) specific primer and a 

common pair primer (10µM) and the other reaction using10µM of mutant (Mt) specific primer   

and the same common pair primer (10µM). Each reaction was conducted in a 10μl final reaction 

volume containing, in addition to the primers, 5µl 1× FastStart Universal SYBR Green Master 

with ROX (Roche Diagnostics, Mannheim, Germany) and 2µl (~10-90ng) template DNA. 

Water (H2O) was used as a non-template control (NTC). Details of assay set-up and primer 

sequences are shown in Tables 2.1 and 2.2, respectively. 

 



44 
 

An in-house CT shift assay was designed and used for genotyping the CCR5 (rs746492) SNP 

in 16 DNA samples/individuals where results were indeterminate using the predesigned 

Taqman genotyping assay employed to genotype this SNP (described under 2.2.6.2). This assay 

was validated using samples that were successfully genotyped using the predesigned Taqman 

assay. In this CT shift assay, the reaction was comprised of 5µl 1× PowerUp SYBR green 

(Applied Biosystems; Thermo Scientific), 10µM of each forward and reverse primer which 

were non-LNA primers and 2µl (~10-90ng) template DNA made up to a final volume of 10µl 

with water. As above, H2O was used as a NTC (Tables 2.1 and 2.2). 

 

If there was a CT shift difference of >8 cycles in the WT reaction or Mt reaction due to 

mispriming of either the WT and Mt primer respectively, then individuals were classified as 

homozygous for the WT or Mt allele, respectively. If the CT shift difference was <2 cycles 

within each of the two PCR reactions, due to the optimal binding of both primers, this indicated 

that the individual was heterozygous having both the WT and Mt allele. Examples of these 

respective genotypes from select samples are shown in Figure 2.2. In these assays it is 

imperative that the misprimed reaction produces a curve so that one can be confident that in 

that well there was not a failed PCR reaction resulting in absence of curve –hence a mismatched 

base at the 3’end of the primer resulting in absence of amplification is not desired even though 

one would theoretically expect no amplification. Thus the mispriming of primers with 

unmatched 3’end nucleotides allows us to confidently genotype using this type of assay, and 

designing and optimising these assays involves making sure the CT shifts are in the desired 

range with the use of LNA technology as described above.  
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Table 2.1. CT shift assay real-time PCR reaction components and set-up 

 

Reaction to detect wildtype (WT) allele Reaction to detect mutant (Mt) allele 

PCR reaction 

constituent 

Volume 

(10μl) 
Final [ ]a 

PCR reaction 

constituent 

Volume 

(10μl) 
Final [ ]a 

WT-specific primer 

(3’end) 
1µl 10µM 

Mt-specific primer 

(3’end) 
1µl 10µM 

Common primer 1µl 10µM Common primer 1µl 10µM 

10X SYBR green
b 5µl 5X 10X SYBR green

b 5µl 5X 

H2O 1µl - H2O 1µl - 

DNA template 2µl ~10-90ng DNA template 2µl ~10-90ng 

[ ]
a: denotes concentration; b: The SYBR green used was either FastStart Universal SYBR Green (Roche 

Diagnostics, Mannheim, Germany) or PowerUp SYBR green (Applied Biosystems; Thermo Scientific), 

depending on the SNPs being genotyped (see text 2.2.6.1).   
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Table 2.2. PCR primers and thermal cycle conditions used for the CT shift assays for genotyping the CXCR6 and CCR5 SNPs  

 

 

       Square brackets ([ ]) denoted lock nucleic acid (LNA) modified 3’end nucleotide and ( ) denoted primer orientation (i.e.  F-forward, R- reverse) 

 

CT Shift assay primers 

PCR cycling conditions  

Variant Common Primer WT Primer Mt Primer 

CCR5 

rs746492 

5ˈ- AAG TAC AAT TTA CCA 

GCC TCC GT -3ˈ (F) 

5ˈ- CAA GTA TGT GCA CAA 

TCA TAT GAG AA -3ˈ (R) 

5ˈ- CAA GTA TGT GCA CAA 

TCA TAT GAG AC -3ˈ (R) 

Initial denaturation 10 min at 95ºC 

followed by 

55 cycles: 

15 sec denaturation at 95ºC,  

59ºC annealing for 40 sec,  

70ºC extension for 1 min 

CCR5   

rs553615728 

5ˈ- GTG GAG TAA CGC ACA 

CTG CAA -3ˈ (F) 

5ˈ- CCA TTT CCT CAT CTG 

TTA AAT GAC [G] -3ˈ (R) 

5ˈ- CCA TTT CCT CAT CTG 

TTA AAT GAC [A] -3ˈ (R) 

Initial denaturation 10 min at 95ºC 

followed by 

40 cycles: 

15 sec denaturation at 95ºC,  

59ºC annealing for 1 min,  

72ºC extension for 1 min 

CXCR6  

rs2234355 

5ˈ- GAT ATG ACC AGC ACC 

AGA GAG -3ˈ (R) 

5ˈ- CAG AAC AGA CAC CAT 

GGC A[G] - 3ˈ (F) 

5ˈ- CAG AAC AGA CAC CAT 

GGC A[A] -3ˈ(F) 

 

Initial denaturation 10 min at 95ºC 

followed by 

40 cycles: 

15 sec denaturation at 95ºC,  

60ºC annealing for 40 sec, 

72ºC extension for 1 min 

CXCR6 

rs2234358 

5ˈ- ACC AGC CAG AGT GTC 

TGA TAA C -3ˈ (R) 

5ˈ- GCT CTG GAA TTT GCA 

AG[G] -3ˈ (F) 

5ˈ- GCT CTG GAA TTT GCA 

AG[T] -3ˈ (F) 
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Figure 2.2. Example CT-shift patterns shown for: (A) CCR5 rs746492 SNP; (B) CCR5 rs553615728 SNP; (C) CXCR6 rs2234355 SNPs and (D) 

CXCR6 rs2234358 SNP and where (i) depicts homozygous wildtype (WT/WT), (ii) depicts heterozygous (WT/Mt) and (iii) depicts homozygous 

mutant (Mt/Mt).   
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2.2.6.2.    Predesigned Taqman genotyping assay 

A predesigned commercial Taqman® assay (Thermo Fisher Scientific, USA: 4351379) was 

performed according to the manufacturer’s instructions for the genotyping of CCR5 

rs746492T/G SNP at position +2919 (3’-UTR). Briefly, for each sample a mix was made 

containing 1μl of 10x CCR5 +2919 Taqman Assay (containing probes and primers), and 5 μl 

of 2X Roche LightCycler 480 Probes Master Mix (Roche Diagnostics, Mannheim, Germany), 

2µl nuclease-free water (Ambion) and 2µl (~10-90 ng) template DNA.  The VIC™ labelled 

probe detects the G allele and the other FAM™ labelled probe detects the T allele. The 

sequence is as follows: [VIC/FAM]: AGA GAG AGA GGT TTT TTT CTG TTC T[G/T]TCT 

CAT ATG ATT GTG CAC ATA CTT G. 

 

Reactions (10μl final volume) were set up in 96-well plates and amplified on an Applied 

Biosystems 7500 Real Time System with the 7500 software which determines the genotypes 

based on the assay details entered. The final amplification settings were as follows: an initial 

denaturation at 95°C for 10 minutes followed by 40 cycles of denaturation of 95°C for 15 

seconds and annealing and extension at 60°C for 50 seconds.  No template controls (sterile 

water) were included. Figure 2.3 shows schematic results of select individuals genotyped using 

this assay as generated by the 7500 software. 
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Figure 2.3. An allelic discrimination plot depicting results for the predesigned Thermo Fisher 

Taqman SNP genotyping assay.  Reproduced from 

(http://www.fda.gov/media/119796/download).  

 

 

2.3.    Ethical clearance 

Ethics approval for the “HIV-1 Functional Cure study” was obtained from the Human Research 

on Human Subjects Committee of the University of the Witwatersrand, Johannesburg, 

certificates M14026 and M190995 (Prof Caroline T. Tiemessen) (see Appendix 1A). Ethics 

clearance for the cohort in KZN was obtained from Medical Research Ethics Committee 

(EC017-11/14) (see Appendix 2A) and the EThekwini Research Ethics Committee 

(No.M.1/1/2 22 September 2015) (see Appendix 3A). For the ‘Department of Health approval 

letter’ by the KZN Department of Health (69/16) for research to be undertaken at Chesterville 

clinic, (see Appendix 4A). 

 

2.4.    Data collection and documentation 

All data from the completed questionnaires as well as CD4+ T-cell and VL estimations were 

entered into a specific database which was secured using a password-protected access system. 
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All data were de-identified to maintain participant confidentiality using a participant study 

number. 

 

2.5. Data analysis 

To compare SNP allelic and genotypic frequencies between groups, the Chi-square test or 

Fishers exact test, where appropriate, were used. The difference in allele frequencies between 

the groups was presented using odds ratios with 95% confidence intervals. The Shapiro Wilk 

test was used to test for normality of CD4+ T-cell count and viral load. The Wilcoxon rank sum 

test was used to compare CD4+ T-cell counts and viral load (VL) between two groups of 

interest. Kruskal-Wallis H test was used to analyse the relationship between CCR5 and CXCR6 

SNP genotypes and CD4+ T-cell counts while Mann-Whitney U test was used for VL. Analyses 

were performed using Graph Pad Prism version 5.0 for Windows (Graph pad Software, San 

Diego, California, USA (www.graphpad.com) and STATA 15.0. Two-sided tests were used 

and statistical significance considered set at P<0.05 and the 0.05<P<0.10 were considered as 

trends of significance. No corrections for multiple testing were used for all p-values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.graphpad.com/
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CHAPTER 3: Results 
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3.1.    Clinical demographics 

3.1.1.    Screening and enrolment of eligible participants 

A total of 590 HIV-1 infected participants were identified and screened via the clinic bleeding 

rooms based on their CD4+ T-cell count documented in the clinic register. They were recruited 

between 2015 and 2018 into two groups namely Controllers (N=354) with CD4+ T-cell 

absolute counts ≥500 cells/µl and Progressors (N=236) with CD4+ T-cell absolute counts ≤200 

cells/µl. Eligible participants (N=287) were enrolled based on VL measurements (Figure 3.1).   

 

 

 

 

Figure 3.1. Schematic flow diagram for screening and enrolment of participants for the HIV-

1 Functional cure DBN cohort study. 

 

 

3.1.1.1.    HIV-1 Controllers 

Eighty- seven participants were eligible and enrolled in the Controller group of the study. Based 

on the VL results, the Controllers were further sub-grouped into 2 categories: Elite Controllers 
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(EC) (N=31) with viral load ≤50 RNA copies/ml and Vireamic Controllers (VC) (N=56) with 

50 >VL<2000 RNA copies/ml (Figure 3.1).   

Two hundred and sixty seven participants were screened out of the study because they did not 

meet the study criteria for enrolment for the following reasons: 245/267 (91.8%) had high VL 

measurements (>2000 RNA copies/ml); 13/267 (4.9%) had started ARV therapy after being 

screened but before being enrolled; 3/267 (1.1%) had relocated to another province; 1/267 

(0.4%) did not wish to participate after being screened and 5/267 (1.9%) did not return to the 

clinic for enrolment although their VL measurements did meet the study criteria for enrolment. 

 

3.1.1.2.    Progressors 

Two hundred Progressors were enrolled whilst 36 were screened out for the following reasons: 

4/36 (11.1%) were older than 35 years, which was the age criteria for enrolment (these 

participants initially reported an incorrect date of birth at the screening visit which was verified 

against their identity document upon their return visit for enrolment); 5/36 (13.9%) had already 

commenced ARVs prior to the study, which was not reported when they were screened; 7/36 

(19.4%) did not return to the clinic for any further follow-up for their clinical diagnosis and 

were uncontactable, and 20/36 (55.6%) participants had low VLs (<10 000 RNA copies/ml) 

that did not meet the study criteria for this group. 

 

3.1.2.    Demographic, sexual and behavioural characteristics of all participants (N=590) 

screened 

The majority 73.7% (435/590) of the participants in this cohort were female with the median 

age of 29 years, 80.7% (476/590) of whom self-reported that their sexual debut occurred when 

they were older than 15 years of age while 12.0% (71/590) self-reported that they were younger 

than 15 years of age and 6.8% (40/590) did not know the actual age of their sexual debut, with 

a small number 0.5% (3/590) not willing to disclose this information (Table 3.1). A large 

portion of participants 68.3% (403/590) acknowledged having only one sexual partner in the 

last 6 months (prior to being screened to participate in the study) while 23.2% (137/590) had 2 

or more partners, 8.0% (47/590) had no partner and only 0.5% (3/590) were unwilling to 

disclose. Heterosexual HIV-1 transmission was self-reported in the majority 98.1% (579/590) 

with only homosexual and other forms of transmission occurring in a minority, 0.5% (3/590) 

and 1.4% (8/590), respectively (Table 3.1). 
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Condom usage with regular partners was occasional in 44.2% (261/590), while 19.5% 

(115/590) reported never using condoms during sexual acts, with 23.7% (140/590) reporting 

to always using condoms and a minority 0.2% (1/590) did not want to disclose this information. 

In 12.4% (73/590) who were asked about condom usage upon recruitment replied that they had 

no regular partner implying not using condoms at the time (Table 3.1). A small number of 

individuals, 5.4% (32/590), reported taking ARVs in the past for PMTCT and the use of 

traditional medicine was reported by 3.9% (23/590) of individuals. The self-reported timing of 

HIV infection with respect to HIV diagnosis was 1 month to 3 years in 71.9% (424/590); 3-10 

years in 18.6% (110/590) and > 10 years in 8.6% (51/590), and data was not available for 0.8% 

(5/590) (Table 3.1). 
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Table 3.1. Characteristics of the recruited cohort (N=590) prior to screening out of non-eligible 

individuals 

 

 

 

 

3.1.3. CD4+ T-cell counts and viral load measurements for enrolled participants 

A similar median age (in years) was found between the EC, VC, Controller and Progressor 

groups (31 years, 31 years, 30 years and 30 years, respectively) (Table 3.2).  The number of 

females in the Progressor group 62.5% (125/200) was significantly lower compared to the 

Controllers 85.1% (74/87); EC 80.7% (25/31) and VC groups 87.5% (49/56) (P0.0006, 

P=0.007, P<0.0001, respectively).  

 

Characteristics (demographic, sexual and behavioral) N (%) 

Gender 
 Female; 29 (26-34) 

[Median (IQR) age in years] 
435 (73.7) 

Age at sexual debut 

 

≤15 years 

>15 years 

Do not know 

Not willing to disclose 

71 (12.0) 

476 (80.7) 

40 (6.8) 

3 (0.5) 

Number of sexual partners 

[in the last 6 months] 

0 

1 

2+ 

Not willing to disclose 

47 (8.0) 

403 (68.3) 

137 (23.2) 

3 (0.5) 

Route of HIV-1 transmission as 

deemed by participant 

Heterosexual 

Homosexual 

Other 

579 (98.1) 

3 (0.5) 

8 (1.4) 

Pattern of condom usage 

Always 
Occasionally 

Never 

Do not have a regular partner 
Not willing to disclose 

140 (23.7) 
261 (44.2) 

115 (19.5) 

73 (12.4) 
1 (0.2) 

Utilization of ARVs prior to the study  32 (5.4) 

Utilization of traditional medicine for 

HIV 
 23 (3.9) 

Timing of HIV-1 infection 

1 month- 3years 

3-10 years 

>10 years 

Not available 

24 (71.9) 

110(18.6) 

51(8.6) 

5(0.8) 
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As expected given the selection criteria, significantly higher median CD4+ T-cell absolute 

count was observed in the Controllers (842 cells/µl, P<0.0001), ECs (954 cells/µl, P<0.0001) 

and VCs (774 cells/µl, P<0.0001) compared to Progressors (116 cells/µl). Similarly, the 

median viral load was significantly higher in the Progressor group (249 000 RNA copies/ml) 

compared to the Controllers (212 RNA copies/ml, P<0.0001), ECs (10 RNA copies/ml, 

P<0.0001), and VCs (884 RNA copies/ml, P<0.0001). 

 

Table 3.2. CD4+ T-cell counts, viral load measurements, gender and age of the enrolled 

participants (N=287) 

a: Undetectable VLs were imputed with 10 RNA copies/ml; b: the normal range was used as the 1st and 3rd quartiles 

were equal 

 

 

3.2.    CCR5 (rs746492 and rs553615728) and CXCR6 (rs2234355 and rs2234358) SNPs in 

the Black South African population and other reference populations 

It is important to study the genetic diversity characterized by mutations and frequencies of 

disease-related variants in the people from the African continent. Several African populations 

have been studied due to the availability of data through genomic browsers in the public 

domain. South Africa has one of the highest HIV/AIDS prevalence rates in the world with 

increasing rates of lifestyle diseases and rapid urbanisation (Ramsay et al., 2011).  

 

Study 

groups 
N 

Age (years) 

(Median - 

IQR) 

Gender 

(% 

Female) 

CD4
+
 T-cell 

Count 

(cells/μl) 

(Median - 

IQR) 

VL (RNA 

copies/ml)
   

(Median - 

IQR) 

Log VL 

(Median - 

IQR) 

Controllers 87 30 

(26.5-33) 

85.1 842 

(708-1003) 

212 

(10-1065) 

2.33 

(1-3.03) 

Elite 

Controllers  

31 31 

(26-39) 

80.7 954 

(833-1106) 

10a  

(10-47)b 

1 

(1-1) 

Viraemic 

Controllers  

56 31 

(27-37) 

87.5 774 

(664-941) 

884  

(227-1475) 

2.95 

(2.36-3.17) 

Progressors 200 30 

(26-32) 

62.5 116 

(59-165) 

249 000  

(87 550-78 

1500) 

5.40 

(4.95-5.89) 
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Populations in Luhya in Webuya, Kenya (LWK), East Africa, Yoruba in Ibadan, Nigeria (YRI) 

West Africa,  Esan in Nigeria (ESN), Gambia in Western Division, The Gambia (GWD) and 

Mende in Sierra Leone (MSL) (Figure 3.2) have been well studied and documented in the 

HapMap project (which documents a haplotype map of the human genome) 

(http://hapmap.ncbi.nlm.nih.gov) as well as the 1000 Genomes Project (a comprehensive data 

source of human genetic variation) (www.1000genomes.org). There are, however, limited 

population genetics data for the Southern African region (i.e. Swaziland, Lesotho, Botswana 

and Namibia) (May et al., 2013). Population data for three of the variants under study (CCR5 

rs746492, CXCR6 rs2234355 and rs2234358) were available for a group of South African black 

individuals (SABs; N=3573) (Ramsay et al., 2016). In a subset of the same individuals 

(100/3573), WGS was undertaken of whom 87/100 were HIV-negative (termed healthy 

controls; HCs) and where population data was also available for the additional CCR5 

rs55361578 SNP and this latter group was therefore used for comparative purposes.  

 

 

 

Figure 3.2.  Map of the African continent depicting the African countries represented in the 

1000 Genomes Project (www.1000genomes.org). Non-African based populations with African 

ancestry are not shown. 

 

http://hapmap.ncbi.nlm.nih.gov/
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Data for only three variants (CCR5 rs746492, CXCR6 rs2234355 and rs2234358) was available 

for the total European population (www.1000genomes.org). This European population included 

Utah residents with European ancestry (CEU), Finnis in Finland (FIN), British in England and 

Scotland (GBR), Iberian populations in Spain (IBS) and Toscani in Italy (TSI) (Figure 3.3). 

 

 

Figure 3.3. Map of the European continent depicting the European countries represented in the 

1000 Genomes Project (www.1000genomes.org). 

 

 

We therefore, compared the HCs (N=87) to the YRI (N=108), and LWK (N=99), as 

representative populations from west and east Africa, respectively, as well as the total African 

population (AFR) (N=661) which included: ESN (N=99), GWD (N=113), MSL (N=85) and 

populations with African ancestry [i.e. African Caribbean in Barbados (N=96) and African 

ancestry in Southwest USA (N=61)], in addition to YRI and LWK.  HCs were also compared 

to the EUR populations (N=503) [i.e. CEU (N=99), FIN (N=99), GBR (N=91), IBS (N=107) 

and TSI (N=107)]. The allelic and genotypic frequencies for three of four variants (CCR5 

 

http://www.1000genomes.org/
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rs746492, CXCR6 rs2234355 and rs2234358) under study in HCs, LWK, YRI, AFR and EUR 

populations are listed in Table 3.3. 

 

In the comparison of the allelic frequencies for the CCR5 rs746492 SNP, the G allele was 

significantly higher in HCs compared to YRI (HCs: 42.0% vs. YRI: 30.6%, P=0.03) but 

significantly lower than the EUR (HCs: 42.0% vs. 53.5%, P=0.005) (Table 3.3). Similar 

frequencies were found when HCs were compared to LWK (HCs: 42.0% vs. LWK: 47.5%, 

P=0.30) and the total African population (HCs: 42.0% vs. AFR: 38.0%, P=0.32), Table 3.3. 

When comparing the CCR5 rs746492 genotypic frequencies for the various populations (Table 

3.3), it was interesting to note that the YRI population showed a significant difference in 

genotype distribution compared to the SA Black HC population (P=0.028) and the LWK 

trended towards a significant difference compared to the HC population group (P=0.077). The 

total African population however did not differ significantly from the HC population (P=0.23) 

while the European population did show a significant difference in genotype distribution 

compared to the HC population (P=0.014). In the YRI vs. HC comparison, the two genotypes 

contributing to the significant difference were major allele homozygosity (TT; HC: 31% vs. 

YRI: 50%) and heterozygosity (TG; HC: 54% vs. YRI: 38.9%), while with the LWK 

population, minor allele homozygosity was largely responsible for the distribution difference 

(GG; HC: 14.9% vs. LWK: 27.3%) which was more similar to the EUR representation (GG; 

EU: 26.8%).  

 
When comparing both the allelic and genotypic frequency distribution for the CXCR6 

rs2234355 SNP, HCs showed significant differences to both the EUR and YRI populations and 

were more similar to LWK and total African population groups. The minor allele (A) was 

significantly overrepresented in the YRI population compared to HCs (YRI: 60.2% vs. HCs: 

46.6%, P=0.008) and significantly underrepresented in the EUR population compare to HCs 

(EUR: 0.5% vs. HCs: 46.6%, P<0.0001). Given the low representation of this SNP in the EUR 

population and the absence of minor allele homozygosity (AA), it is not surprising that the 

genotypic distributions differed very significantly between the HC and the EUR populations 

(P<0.0001). Major allele homozygosity (GG) was much higher in the HC population relative 

to the YRI population (GG; HC: 33.3% vs. YRI: 14.8%) which resulted in a significantly 

different genotypic distribution between the two population groups (P=0.009). The LWK and 

total African populations were more similar to the HC population and did not differ with respect 

to the distribution of genotypes (Table 3.3).  
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Both allelic and genotypic representation of the CXCR6 rs2234358 SNP in the LWK population 

was similar to HCs. The CXCR6 rs2234358-T allele was however significantly overrepresented 

in the YRI and total African populations compared to HCs (YRI: 75.5% vs. HCs: 56.9%, 

P<0.0001; AFR: 68.5% vs. HCs: 56.9%, P=0.003) while significantly underrepresented in 

EUR (EUR: 46.9% vs. HCs: 56.9%, P=0.02). Comparison of the genotype distributions 

between the YRI and total African populations to the HC populations both showed significant 

differences (YRI vs. HC: P=0.0003; AFR vs. HC: P=0.009) and the EUR population showed a 

strong trend of difference in genotypic distribution compared to the HC (P=0.054) (Table 3.3). 

For both the YRI and the total African populations there was similar heterozygosity 

representation to the HCs but both minor (TT) and major allele (GG) homozygosity were 

higher and lower compared to the HC population, respectively (Table 3.3), resulting in the 

significant differences in genotype distributions.  
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Table 3.3. Comparison of representation of CCR5 (rs746492) and CXCR6 (rs2234355 and rs2234358) SNPs between a Black South African 

 Healthy population to African and European populations 

 

 

SNP 

Alleles  

and 

Genotypes 

Black SA HC
a
 

(N=87) 

Luhya 

(N=99)
b
 

Black SA  

HC vs. LWK 

Yoruba 

(N=108)
b
 

Black SA 

HC vs. YRI 

Total 

Africa 

(N=661)
b
 

Black SA 

HC vs. AFR 

Total 

European 

(N=503)
b
 

Black SA 

HC vs. EUR 

N (%) N (%) P
c 

N (%) P
c 

N (%) P
c 

N (%) P
c 

C
C

R
5
 

rs
7
4
6
4
9
2

 

 

Allele 

T  

G 

Genotype 

TT 

TG 

GG 

 

101 (58.0) 

73 (42.0) 

 

27 (31.0) 

47 (54.0) 

13 (14.9) 

 

104 (52.5) 

94 (47.5) 

 

32 (32.3) 

40 (40.4) 

27 (27.3) 

 

 

0.30 

 

 

0.077 

 

150 (69.4) 

66 (30.6) 

 

54 (50.0) 

42 (38.9) 

12 (11.1) 

 

 

0.03 

 

 

0.028 

 

820(62.0) 

502(38.0) 

 

262(39.6) 

296(44.4) 

103(15.6) 

 

 

0.32 

 

 

0.23 

 

468(46.5) 

538(53.5) 

 

100(19.9) 

268(53.3) 

135(26.8) 

 

 

0.005 

 

 

0.014 

C
X

C
R

6
 

rs
2
2
3
4
3
5
5
 

 

Allele 
G 

A 

Genotype 

GG 

GA 

AA 

 
93 (53.4) 

81 (46.6) 

 

29 (33.3) 

35 (40.2) 

23 (26.4) 

 
115 (58.1) 

83 (41.9) 

 

35 (35.3) 

45 (45.5) 

19 (19.2) 

 
 

0.40 

 

 

0.49 

 
86 (39.8) 

130(60.2) 

 

16(14.8) 

54(50.0) 

38(35.2) 

 
 

0.008 

 

 

0.009 

 
673(50.9) 

649(49.1) 

 

177(26.8) 

319(48.2) 

165(25.0) 

 
 

0.57 

 

 

0.32 

 
1001(99.5) 

5(0.5) 

 

498(99.0) 

5(1.0) 

0(0) 

 
 

<0.0001 

 

 

<0.0001 

 

C
X

C
R

6
 

rs
2

2
3

4
3

5
8
 

 

Allele 

G 

T 

Genotype 

GG 

GT 

TT 

 

75 (43.1) 

99 (56.9) 

 

17 (19.5) 

41 (47.1) 

29 (33.3) 

 

72 (36.4) 

126 (63.6) 

 

14 (14.2) 

44 (44.4) 

41 (41.4) 

 

 

0.20 

 

 

0.43 

 

53(24.5) 

163(75.5) 

 

4(3.7) 

45(41.7) 

59(54.6) 

 

 

<0.0001 

 

 

0.0003 

 

416(31.5) 

906(68.5) 

 

69(10.4) 

278(42.1) 

314(47.5) 

 

 

0.003 

 

 

0.009 

 

534(53.1) 

472(46.9) 

 

145(28.8) 

244(48.5) 

114(22.7) 

 

 

0.02 

 

 

0.054 

a: Black South Africa Healthy Controls; b: Data from the 1000 genomes project; Luhya (LWK): from Kenya; Yoruba (YRI): from Nigeria, EUR: Total European; c: For the 

genotypic comparisons, 2x3 chi-squared tests were used to compare the genotypic distribution between populations, hence a single P value; Grey shaded P values indicate 

significant differences (P<0.05).  
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3.3.  The role of CCR5 (rs746492 and rs553615728) and CXCR6 (rs2234355 and 

rs2234358) variants in HIV-1 control 

An in-house real-time CT shift assay was used to genotype the CCR5 rs553615728 and CXCR6 

(rs2234355 and rs2234358) SNPs, and a predesigned Taqman assay used for the CCR5 

rs746492 to determine the prevalence and contribution of these variants on HIV-1 disease 

control in the 287 HIV-1 infected individuals enrolled in this cohort.  

Data from a sub-group of HIV-negative individuals (N=87) termed HCs, (mentioned under 

section 2.1) in whom population data was available for all the SNPs under study was used for 

comparative purposes. 

 

3.3.1. Validation of the Taqman and CT Shift assay for CCR5 (rs746492) SNP 

Two different assays were employed for genotyping the CCR5 rs746492 SNP in select 

individuals due to the fact that 16/287 samples that were initially tested using the predesigned 

Taqman assay resulted in indeterminate results. Thus, an in-house CT Shift assay for the 

rs746492 SNP was subsequently designed and validated using 12 samples that were 

conclusively genotyped using the Taqman assay (Figure 3.4). The CT shift assay results using 

these same 12 samples are shown in Figure 3.5. After the verification of the CT shift assay it 

was successfully used to test the 16 samples that initially resulted in indeterminate results. 
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Figure 3.4. An allele discrimination plot indicating 12 samples used to validate the CT shift 

assay for the CCR5 rs746492 SNP. PTID: participant identity. 
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Figure 3.5. CT shift results for the 12 samples validating the Taqman assay for the CCR5 

rs746492 SNP: (A) homozygous wildtype (WT), (B) heterozygous (Het) and (C) homozygous 

mutants (M).  

 

 

3.3.2. Comparisons of allelic and genotypic frequencies of CCR5 and CXCR6 SNPs 

between study groups 

The allelic and genotypic representation of CCR5 (rs746492 and rs553615728) SNPs as well 

as CXCR6 (rs2234355 and rs2234358) SNPs for the HIV-1 groups and healthy controls are 

shown in Table 3.4. 
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Table 3.4. Number and frequency (%) of  alleles and genotypes for the CCR5 and CXCR6 variants in the HIV-1 infected Controller group, 

Controller sub-groups and Progressors as well as the HIV-1 negative healthy controls (HCs) 

 

 

 

 

 

 

 

 

 

 

 

 

 

SNP 
Alleles & 

Genotypes 

Healthy Controls 

(N=87) 

Controllers 

(ECs + VCs) 

(N=87) 

Progressors 

(N=200) 

Controller sub-groups 

VCs (N= 56) ECs (N=31) 

CCR5 

rs746492 

 

Allele 

T 

G 

Genotype 

TT 

TG 

GG 

 

101 (58.0) 

73 (42.0) 

 

27 (31.0) 

47 (54.0) 

13(14.9) 

 

97 (55.8) 

77 (44.3) 

 

        26 (29.9) 

45 (51.7) 

16 (18.4) 

 

237 (59.3) 

163 (40.8) 

 

67 (33.5) 

103 (51.5) 

30 (15.0) 

 

61 (54.5) 

51 (45.5) 

 

17 (30.4) 

27 (48.2) 

12 (21.4) 

 

36 (58.1) 

26 (41.9) 

 

9 (29.0) 

18 (58.1) 

4 (12.9) 

CCR5 

rs553615728 

 

Allele 

C 

T 

Genotype 

CC 

CT 
TT 

 

171 (98.3) 

3 (1.7) 

 

84 (96.6) 

3 (3.4) 
0 (0.0) 

 

170 (97.7) 

4 (2.3) 

 

83 (95.4) 

4 (4.6) 
0 (0.0) 

 

390 (97.5) 

10 (2.5) 

 

190 (95.0) 

10 (5.0) 
0 (0.0) 

 

109 (97.3) 

3 (2.7) 

 

53 (94.6) 

3 (5.4) 
0 (0.0) 

 

61 (98.4) 

1 (1.6) 

 

30 (96.8) 

1 (3.2) 
0 (0.0) 

CXCR6 
rs2234355 

 

Allele 
G 

A 

Genotype 

GG 

GA 

AA 

 
93 (53.4) 

81 (46.6) 

 

29 (33.3) 

35 (40.2) 

23 (26.4) 

 
90 (51.7) 

84 (48.3) 

 

24 (27.6) 

42 (48.3) 

21 (24.1) 

 
231 (57.8) 

169 (42.3) 

 

69 (34.5) 

93 (46.5) 

38 (19.0) 

 
55 (49.1) 

57 (50.9) 

 

13 (23.2) 

29 (51.8) 

14 (25.0) 

 
35 (56.5) 

27 (43.6) 

 

11 (35.5) 

13 (41.9) 

7 (22.6) 

CXCR6 

rs2234358 

 

Allele 

G 

T 

Genotype 

GG 

GT 

TT 

 

75 (43.1) 

99 (56.9) 

 

17 (19.5) 

41 (47.1) 

29 (33.3) 

 

90 (51.7) 

84 (48.3) 

 

22 (25.3) 

46 (52.9) 

19 (21.8) 

 

194 (48.5) 

206 (51.5) 

 

48 (24.0) 

98 (49.0) 

54 (27.0) 

 

62 (55.4) 

50 (44.6) 

 

16 (28.6) 

30 (53.6) 

10 (17.9) 

 

28 (45.2) 

34 (54.8) 

 

6 (19.4) 

16 (51.6) 

9 (29.0) 
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3.3.2.1.    Comparisons of allelic frequencies of CCR5 and CXCR6 SNPs between study 

groups 

Comparisons of allelic frequencies was undertaken between the total Controller group (ECs 

plus VCs), the Controller sub-groups separately (ECs and VCs alone), HCs and Progressors. 

The latter two groups serve as the two extremes of HIV infection i.e. no HIV disease and AIDS 

phase of infection. 

   

Figures 3.6 and 3.7 show the representation of the CCR5 and CXCR6 SNP alleles in all the 

study populations as well as the HCs, respectively. As can be seen in the bar graphs there is 

more variation between groups in the CXCR6 variants, whereas CCR5 representation seems 

more comparable between groups.    

 

There was higher representation of the CXCR6 rs2234355 A-allele in the VC group (50.9%) 

when compared to the Progressor group (42.3%) but this difference was not significant 

(P=0.11, OR=0.71, CI=0.46-1.07) (Table 3.4, 3.6). 

Comparison of minor allele representation between the study groups and the HCs showed that 

only the CXCR6 rs2234358 T-allele showed a strong trend of underrepresentation in the VCs 

compared to the HCs (VCs: 44.6% vs. HCs: 56.9%, P=0.05, OR=1.64, CI=1.01-2.64; Table 

3.4; 3.5). The lower representation of this allele in the total Controller group (48.3%) 

compared to HCs (56.9%), although not significant (P=0.13, OR=1.41, CI=0.93-2.16) was 

due to the VCs since the ECs showed very similar representation to the HCs for this allele 

(Table 3.4; 3.5).  

Comparison of minor allele representation between the Controller group and sub-groups to 

the Progressors for all the SNPs did not reveal any significant associations or trends (Table 

3.6).   
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Figure 3.6. Bar graph showing allele frequency for, (A) CCR5 rs746492 and (B) CCR5 

rs553615728 in the HCs (healthy controls), Controllers, Progressors, ECs (elite controllers) 

and the VCs (viraemic controllers). 

A 

B 
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Figure 3.7. Bar graph showing allele frequency for, (A) CXCR6 rs2234355 and (B) CXCR6 

rs2234358 in the HCs (healthy controls), Controllers, Progressors, ECs (elite controllers) and 

the VCs (viraemic controllers). 

 

 

3.3.2.2.    Comparisons of genotypic frequencies of CCR5 and CXCR6 SNPs between study 

groups 

The CCR5 rs746492 and rs553615728 genotypes showed no significant differences between 

study groups compared; due to the low representation of the rs553615728 SNP the CCR5 
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rs553615728 AA genotype was absent in all study groups. (Table 3.4; Figure 3.8; Table 3.5; 

Table 3.6).  

 

 

 

 

Figure 3.8. Pie charts showing genotypic representation (frequencies %) for (A) CCR5 

rs746492 and (B) CCR5 rs553615728 SNPs for the various groups as shown. HC (healthy 

controls), Controllers, Progressors, EC (elite controllers) and VC (viraemic controllers). 

 

 

Figure 3.9 shows the genotypic distribution of the two CXCR6 SNPs (rs2234355 and 

rs2234358) in all the study populations as well as the reference HC group. As can be seen in 

Figure 3.9A, the CXCR6 rs2234355 SNP showed similar distribution between groups, with no 

significant differences between study groups compared (Tables 3.5 and 3.6). Interestingly the 

VC group did have higher heterozygosity (GA) representation (51.8%) compared to both the 

HCs (40.2%) and the ECs (41.9%).  

 

Similarly, there were no significant differences in over- or underrepresentation of the CXCR6 

rs2234358 genotypes between HCs, Controllers and Progressors, despite markedly less 

representation of minor allele homozygosity (TT) in VCs compared to HCs and less so compared 

to Progressors (VCs: 17.9% vs. HCs: 33.3%, P=0.05, OR=0.37, CI=0.14-0.99; vs. Progressors: 

27.0%, P=0.19, OR=0.56, CI=0.23-1.34; Tables 3.4, 3.5 and 3.6).  
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Figure 3.9. Pie charts showing genotypic representation (frequencies; %) for (A) CXCR6 

rs2234355 and (B) CXCR6 rs2234358 SNPs for the various groups as shown. HC (healthy 

controls), Controllers, Progressors, VC (viraemic controllers) and EC (elite controllers).
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Table 3.5. Comparisons of the CCR5 and CXCR6 SNP allelic and genotypic frequencies in Controllers, Controller sub-groups and 

Progressors to Healthy Controls (HCs) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*WTgenotypes which were used as reference (not shown); Grey shaded value indicate relationship that show trends of under- or over representation (0.1>P≥0.05) 

 

 

 

Gene 

 

SNP 

 

Genotype 
Controllers vs. HCs Progressors vs. HCs ECs vs.  HCs VCs vs.  HCs 

   OR CI P OR CI P OR CI P OR CI P 

 

C
C

R
5

 rs
7

4
6
4
9
2
 

 

Allele 

G 

Genotype 

TG 

GG 

GT+GG 

 

0.91   0.61-1.39    0.75 

 

0.99   0.51-1.95    0.99 

1.28   0.52-3.17    0.60 

1.06   0.55-2.01    1.00 

 

1.05   0.73-1.51    0.85 

 

1.13   0.64-1.99    0.67 

1.08   0.49-2.37    0.86 

1.12   0.65-1.92    0.78 

 

1.00   0.56-1.80    1.00 

 

1.15   0.45-2.91    0.77 

0.92   0.24-3.56    0.91 

1.10   4.45-2.70    1.00 

 

0.86   0.53-1.40    0.63 

 

0.91   0.42-1.97    0.82 

1.47   0.54-3.95    0.45 

1.03   0.50-2.14    1.00 

rs
5
5
3
6
1
5
7
2
8
 

 

Allele 

T 

Genotype 

CT 

 

1.47   0.32-6.69   0.69 

 

0.74   0.16-3.41   1.00 

 

1.34   0.36-4.99   0.71 

 

0.68   0.18-2.53   0.76 

 

2.10  0.21-20.70  0.65 

 

1.07   0.11-10.70  1.00 

 

1.25   0.25-6.36   1.00 

 

0.63   0.12-3.24   0.68 

 

C
X

C
R

6
 

rs
2
2
3
4
3

5
5
 

 

Allele 

A 

Genotype 

GA 

AA 

GA+AA 

 

0.93   0.61-1.42   0.83 

 

1.45   0.72-2.93   0.30 

1.10   0.49-2.46   0.81 

1.31   0.69-2.51   0.51 

 

1.19   0.83-1.70   0.36 

 

0.90   0.50-1.60   0.71 

1.44   0.73-2.83   0.29 

1.05   0.62-1.79   0.8 

 

1.13   0.63-2.02 0.77 

 

0.98   0.38-2.51  0.97 

0.80   0.27-2.40  0.69 

0.91   0.38-2.15  1.00 

 

0.84   0.52-1.35   0.54 

 

1.85   0.82-4.19   0.14 

1.36   0.53-3.45   0.52 

1.65   0.77-3.55   0.26 

rs
2
2
3
4
3
5
8
 

 

Allele 
T 

Genotype 

GT 

TT 

GT+TT 

 
1.41   0.93-2.16   0.13 

 

0.87   0.41-1.85   0.71 

0.51   0.21-1.19   0.12 

0.72   0.35-1.47   0.47 

 
1.24   0.87-1.78   0.24 

 

1.18   0.61-2.29   0.62 

1.52   0.74-3.10   0.29 

1.30   0.70-2.42   0.45 

 
1.09   0.61-1.95   0.88 

 

1.11   0.37-3.31  0.86 

0.88   0.27-2.90  0.83 

1.01   0.36-2.85  1.00 

 
1.64   1.01-2.64   0.05 

 

0.78   0.34-1.78   0.55 

0.37   0.14-0.99   0.05 

0.61   0.28-1.33   0.23 
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Table 3.6. Comparisons of the CCR5 and CXCR6 SNP allelic and genotypic frequencies in Controller, VC and EC groups 

to the Progressor group 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene 

 

SNP 

 

Genotype 

Controllers vs. 

Progressors 
ECs vs. Progressors VCs vs.  Progressors 

   OR CI P OR CI P OR CI P 

 

C
C

R
5

 rs
7
4
6
4
9
2
 

 

Allele 

G 

Genotype 

TG 

GG 

GT+GG 

 

0.87        0.60-1.24      0.46 

 

1.37        0.64-2.93      0.41 

1.13        0.64-1.10      0.69 

1.18        0.69-2.04      0.59 

 

0.95         0.55-1.64    0.89 

 

0.99         0.28-3.48    0.99 

1.30         0.55-3.07    0.55 

1.23         0.54-2.82    0.69 

 

0.82        0.54-1.25      0.39 

 

1.58        0.67-3.71      0.30 

1.03        0.52-2.04      0.93 

1.16        0.61-2.19      0.75 

rs
5
5
3
6
1
5
7
2
8
 

 

Allele 

T 

Genotype 

CT 

 

 

1.09        0.34-3.52      1.00 
 

1.09        0.33-3.58     1.00   

 

 

1.56        0.20-12.44   1.00 
 

1.58        0.20-12.78   1.00   

 

 

0.93        0.25-3.44      1.00 
 

0.93        0.25-3.50      1.00 

 

C
X

C
R

6
 

rs
2
2
3
4
3

5
5
 

 

Allele 

A 

Genotype 

GA 

AA 
GA+AA 

 

0.78        0.55-1.12      0.20 

 

1.30        0.72-2.34      0.39 

1.59        0.78-3.22      0.20 

1.38        0.80-2.40      0.27   

 

0.95        0.55-1.63    0.89 

 

0.88        0.37-2.70    0.77 

1.16        0.41-3.23    0.78 

0.96        0.43-2.11    1.00 

 

0.71        0.46-1.07      0.11 

 

1.66        0.81-3.42      0.17 

1.96        0.83-4.59      0.12 

1.74        0.88-3.46      0.14 

rs
2
2
3
4
3
5
8
 

 

Allele 

T 

Genotype 

GT 

TT 

GT+TT 

 

1.14        0.80-1.62      0.53 

 

1.02        0.55-1.89      0.94 

0.77        0.37-1.59      0.48 

0.93        0.52-1.67      0.88 

 

0.87       0.51-1.50     0.68 

 

1.31        0.48-3.55    0.60 

1.33        0.44-4.02    0.61 

1.31        0.51-3.40    0.65 

 

1.32         0.86-2.01     0.24 

 

0.92         0.46-1.85     0.81 

0.56         0.23-1.34     0.19 

0.79         0.41-1.53     0.60 
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3.4.    Investigation of CCR5 and CXCR6 variants and markers of disease progression: 

viral load and CD4+ T-cell count 

 

3.4.1.    Effect of CCR5 and CXCR6 genotypes on viral load in the Progressor and VC 

groups 

We explored the association between CCR5 and CXCR6 genotypes with viral load, a marker 

of HIV-1 disease progression in the Progressor (N=200) and VC (N=56) groups. 

No significant differences were seen in VL between individuals possessing either of the three 

CCR5 rs746492 genotypes (Figure 3.10A). For the CCR5 rs553615728 SNP, a much rarer 

variant, most individuals were homozygous for the major allele (CC) with less representation 

of the CT genotype and no representation of the TT genotype. There was no significant 

difference in VL between individuals with the CC vs. individuals with the CT genotype for this 

CCR5 variant (Figure 3.10B). 

 

 

 

Figure 3.10. Comparison of viral load (log10 RNA copies/ml) in the Progressor and VC groups 

for: (A) CCR5 rs746492 SNP genotypes and (B) CCR5 rs553615728 SNP genotypes. Medians 

and interquartile ranges are shown, (Mann Whitney U-test). 
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Heterozygosity (GA) for the CXCR6 rs2234355 SNP showed a weak trend (P=0.097) of higher 

representation in individuals with higher VL when compared to individuals homozygous for 

the major allele (GG) in the Progressor group but no significant difference in VL was observed 

in the VC group (P=0.75) (Figure 3.11A). Analysis of VL and this variant in the dominant 

mode (i.e. GA+AA) showed that VL was still marginally higher in the GA+AA group with a 

weaker association in both Progressors (P=0.17) and VCs (P=0.16)  (Figure 3.11B). 

 

 

 

Figure 3.11. Comparison of viral load (log10 RNA copies/ml) in the Progressor and VC groups 

for: (A) CXCR6 2234355 SNP genotypes and (B) CXCR6 rs2234355 SNP in the dominant 

mode (GA+AA). Medians and interquartile ranges are shown, (Mann Whitney U-test).  
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compared to heterozygous (GT) individuals (P=0.0003) in Progressors but no significant 

differences was seen in VCs (P=.080) Figure 3.12A). This significant association was 

maintained when genotypes harbouring the major allele were grouped (i.e. GG+GT) and 

compared to individuals possessing the TT genotype in Progressors (P=0.0013) Figure 3.12B. 

 

 

 

 

Figure 3.12. Comparison of viral load (log10 RNA copies/ml) in the Progressor and VC groups 

for: (A) CXCR6 rs2234358 SNP genotypes and (B) CXCR6 rs2234358 SNP by grouping 

individuals harbouring the major allele (i.e. GG+GT). Medians and interquartile ranges are 

shown, (Mann Whitney U-test). 
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3.4.2. Effect of CCR5 and CXCR6 SNP genotypes on CD4+  T-cell counts 

CCR5 and CXCR6 SNP genotypes from Progressors (N=200), Controllers (N=87), VCs 

(N=56) and ECs (N=31) were stratified against their CD4+ T-cell counts in order to determine 

if the respective variants had any impact on this marker of disease progression. 

 

There was no significant difference between any of the genotypes with respect to the CCR5 

rs746492 SNP and CD4+ T-cell counts in the Progressor, Controller, EC and VC groups (Figure 

3.13A). Similarly, no significant differences in CD4+ T-cell counts were observed between the 

GG and GA genotypes of the CCR5 rs553615728 SNP in Progressors, Controllers and ECs. 

Although CD4+ T-cell counts in VCs harbouring the GG genotype were significantly lower 

than individuals with the GA genotype (P=0.03), these results should be treated with caution 

due to small numbers (N=3) in those with the CT genotype (Figure 3.13B). There was no 

significant difference between any of the genotypes and CD4+ T-cell counts with respect to the 

CXCR6 rs2234355 or rs2234358 SNPs in all the groups that were analysed (Figures 3.14A and 

3.14B). 
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Figure 3.13.  Comparison of CD4+ T-cell count between respective genotypes for: (A) CCR5 rs746492 and (B) CCR5 rs553615728 SNPs in the 

 Controller, Progressor, EC and VC groups. Medians and interquartile ranges are shown, Kruskal-Wallis H test. 
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Figure 3.14. Comparison of CD4+ T-cell count between respective genotypes for: (A) CXCR6 rs2234355 and (B) CXCR6 rs2234358 SNPs in 

the Controller, Progressor, EC and VC groups. Medians and interquartile ranges are shown, Kruskal-Wallis H test.
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3.5. Analysis of the CCR5 and CXCR6 allelic and genotypic frequencies on HIV-1    

control taking gender differences into account 

As shown in Table 3.2, there was a significantly higher number of females recruited in the 

Controller group compared to the Progressors (85.1% vs. 62.5%; P<0.001). In order to 

determine whether the gender bias was affecting the results obtained from the genetic 

association analyses, we assessed the effects of the CCR5 and CXCR6 alleles and genotypes 

on HIV-1 control by taking gender into account, despite small sample sizes particularly of the 

EC and VC groups.  

There was no significant difference in the CCR5 rs746492 allelic distribution between males 

and females in the Controllers (P=1.00), Progressors (P=0.92), ECs (P=0.54) and VCs (P=0.78) 

(Figure 3.15). 

 

 

 

 

Figure 3.15. Pie charts showing representation of the CCR5 rs746492 alleles in (A) Controller, 

(B) Progressor, (C) EC and (D) VC groups according to gender. 
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The CCR5 rs553615728 alleles were not significantly differentially distributed between males 

and females in Controllers (P=0.11), Progressors (P=1.00) and ECs (P=1.00); Figure 3.16A, B 

and C). However, the CCR5 rs553615728 minor allele (T) was significantly overrepresented 

in males (14.3%) compared to females (1.0%) in the VCs (P=0.04) (Figure 3.16D). Given the 

small number of VC males (N=7), this result needs to be treated with caution. 

 

 

 

 

Figure 3.16. Pie charts showing representation of the CCR5 rs553615728 alleles in  

(A) Controller, (B) Progressor, (C) EC and (D) VC groups according to gender. 
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(58.3% vs. 40.0%, P=0.34) while more prevalent in females compared to males in the VC group 

(52.0% vs. 42.9%, P=0.58) (Figure 3.17C and D). 
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Figure 3.17. Pie charts showing representation of the CXCR6 rs2234355 alleles in  

(A) Controller, (B) Progressor, (C) EC and (D) VC groups according to gender. 
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Figure 3.18. Pie charts showing representation of the CXCR6 rs2234358 alleles in 

 (A) Controller, (B) Progressor, (C) EC and (D) VC groups according to gender. 
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Figure 3.19. Pie charts showing representation of the CCR5 rs746492 genotypes in  

(A) Controller, (B) Progressor, (C) EC and (D) VC groups according to gender. 
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Figure 3.20. Pie charts showing representation of the CCR5 rs553615728 genotypes in 

 (A) Controller, (B) Progressor, (C) EC and (D) VC groups according to gender. 
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in the VC group this comparison did not reach significance (P=0.15; Figure 3.21D). In the EC 

group, the GG genotype was underrepresented in males compared to females (16.7% vs. 

40.0%), GA was more prevalent in the males (50.0% vs. 40.0%) and the AA genotype, unlike 

in the VC group, was overrepresented in the males compare to females (33.3% vs. 20.0%). 

However, given the small sample numbers, these genotypes were not significantly different 

between the genders (P=0.61; Figure3.21C).  

 

 

 

 

Figure 3.21. Pie charts showing representation of the CXCR6 rs2234355 genotypes in  

(A) Controller, (B) Progressor, (C) EC and (D) VC groups according to gender. 
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vs. 49.6%) and the TT genotype was overrepresented in males (32.0% vs. 24.0%), however 

this variant’s distribution was not significantly different between genders (P=0.40; Figure 

3.22B). In the VC group, the GG genotype was less prevalent in males (14.3% vs. 30.6%), GT 

was similarly represented in males and females (57.1% vs. 53.1%) and the TT genotype was 

overrepresented in males compared to females (28.6% vs. 16.3%). Overall however, the 

representation of CXCR6 rs334358 genotypes was not significant between genders in the VC 

group (P=0.57; Figure 3.22D). Similarly, there was no significant difference observed in the 

distribution of these genotypes in the EC group (P=0.34; Figure 3.22C), despite the GG 

genotype being absent in males vs. 24.0% representation in females and TT being 

overrepresented in males compared to females (50.0% vs. 24.0%), with similar TG 

representation (50.0% vs. 52.0%). 

 

 

 

 

Figure 3.22. Pie charts showing representation of the CXCR6 rs2234358 genotypes in 

 (A) Controller, (B) Progressor, (C) EC and (D) VC groups according to gender. 
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3.5.1. Analysis of the CXCR6 rs2234355 variant in viraemic HIV-1 control in the female 

gender groups 

 

As shown in section 3.3.2.1 above (Table 3.4) for the CXCR6 rs2234355 SNP, the frequency 

of the major allele (G) was higher in the Progressors (57.8%) compared to VCs (49.1%), 

whereas the minor allele (A) was underrepresented in Progressors (42.3%) compared to VCs 

(50.9%), however this was not a significant association (P=0.11, Table 3.6). Given the 

difference in gender distribution, overall the CXCR6 rs2234355 genotypes were 

significantly differentially represented between genders (P=0.03) (section 3.5; Figure 3.21), 

we assessed the effect of this variant by exclusion of the smaller group (i.e. males) and 

analysed the effect of this variant in female VCs and Progressors. Figure 3.23 shows the 

comparison of allelic representation of this variant in female Progressors and VCs as well 

as comparison of the variant in the dominant mode (i.e. GG vs. GA+AA). 

 

  

In females the CXCR6 rs22343355 minor allele (A) showed a strong trend of 

overrepresentation in VC females compared to the Progressor females (VCs: 52.0% vs. 

Progressors: 40.4%, P=0.055, OR=0.62, CI=0.39-0.99) (Figure 3.23A) and comparison of this 

SNP in the dominant mode also showed a trend of higher representation in VC females 

compared to Progressor females (VCs: 75.5% vs. Progressors: 60.0%, P=0.078, OR=0.23, 

CI=0.49-1.02) (Figure 3.23B). 
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Figure 3.23. Bar graphs showing CXCR6 rs2234355 SNP: (A) distribution and comparison of 

alleles in the VC and Progressor female groups and (B) comparison of the variant in the 

dominant mode (GA+AA) between VC and Progressor female groups.  

 

 

3.6.    The analysis of the combined effect of the CCR5 and CXCR6 SNPs 

3.6.1.    Analysis of the combined effect of the two CXCR6 variants (rs2234355 and 

rs2234358 SNPs)  

The CXCR6 rs2234355 and rs2234358 SNPs have previously been associated with natural 

control in individuals with higher viraemia (VCs) compared to individuals progressing to HIV 

disease (Progressors) (Picton et al., 2017). Furthermore, we found an association of the 

rs2234358 TT genotype with the increased VL in the Progressors in this study (Figure 3.12). 
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(Tables 3.5 and 3.6), as previously undertaken by Picton et al. (2017), we also analysed the 

combined effect of the two CXCR6 SNPs to determine whether there was any association 

between the previously identified protective rs2234355 GA and deleterious rs2234358-TT 

genotypes of these two SNPs (Picton et al., 2017) in both the combined females and males as 

well as in the female group alone.  
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Figure 3.24A, shows that the combination of the CXCR6 rs2234355 genotypes GA+AA 

(dominant mode) in the absence of the deleterious rs2234358-TT genotype (designated as: -

358TT +355 GA+AA) was significantly overrepresented in the VC group compared to the  

Progressor and HC groups (VCs: 60.7% vs. Progressors: 44.0%, P=0.034; OR=0.51; CI=0.28-

0.93; VCs: 60.7% vs. HCs: 36.8%, P=0.006; OR=0.38; CI=0.19-0.8) This significant 

difference between VCs and Progressors was more pronounced when we corrected for gender 

by comparing only the female groups. Female VCs were more significantly enriched for -

358TT +355 GA+AA (61.2%) compared to Progressors (40.8%) (P=0.018; OR=0.44; CI= 

0.22-0.86). Although female VCs had higher representation (40.8%) of the CXCR6 rs2234355 

genotype GA alone in the absence of the deleterious rs2234358-TT genotype (-358TT +355 

GA) compared to Progressor females (27.2%), this association did not reach significance 

(P=0.101; OR=0.54; CI= 0.27-1.08) (Figure 3.24B). 

 

 

 

 

 

Figure 3.24. Bar graphs showing comparison of combinations of (A) the CXCR6 rs2234355 

(355 GA+AA) and rs2234358 (-358TT) genotypes in HC, Progressor, EC and VC groups 

(combined females and males) and (B) the CXCR6 rs2234355 (355 GA) and rs2234358 (-

358TT) in Progressor, EC and VC groups (females only). 
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3.6.2. Analysis of the combined effect of protective genotypes of CCR5 (rs746492 and 

rs553615728) and CXCR6 (rs2234355 and rs2234358)  

Although no significant association was found in the individuals with CCR5 (rs746492 and 

rs553615728) SNP genotypes with HIV-1 control in this study, it has been reported that CCR5 

rs746492 (TG+GG) (Koor et al., 2019) and CCR5 rs553615728 (Gornalusse et al., 2015) can 

serve as deleterious and protective markers, respectively in HIV-1 control. We therefore 

analysed the combination of the protective genotypes of both CCR5 and CXCR6 co-receptors 

to determine their role in HIV-1 control in this study.  Due to the low prevalence of the CCR5 

rs553615728 (CT and TT) genotypes in this cohort (Table 3.4), the CCR5 rs553615728 SNP 

could not be included in this analysis.  

 

The CCR5 rs746492-TT designated as (+2919TT) genotype (protective) in combination with 

the CXCR6 [-358TT+355(GA+AA)] (protective) was overrepresented in VCs compared to the 

Progressor and HC groups but this difference was not significant in combined females and 

males for each group (VCs: 19.6% vs. Progressors: 12.0%, P=0.18; OR=0.56; CI=0.25-1.22; 

VCs: 19.6% vs. HCs: 11.5%, P=0.23; OR=0.53; CI=0.21-1.35. There was no significant 

difference when  EC, Controller, HC and Progressor groups were compared  (ECs: 12.9% vs. 

Progressors: 12.0%, P=1.000; OR=0.92; CI=0.30-2.86); Controllers: 17.2% vs. Progressors: 

12.0%, P=0.26; OR=0.65; CI=0.32-1.32; Progressors: 12.0% vs. HCs: 11.5%, P=1.000; 

OR=1.05; CI=0.48-2.30 as well as ECs vs HCs: ECs 12.9:% vs. HCs:11.5%, P=1.000; 

OR=0.88; CI=0.25-3.03). This difference between VCs and Progressors still remained when 

we corrected for gender by comparing the female groups only. Female VCs were still more 

enriched although not significant for -358TT+355(GA+AA) +2919TT compared to 

Progressors (VCs: 20.4% vs. Progressors: 11.2%, P=0.14; OR=0.49; CI=0.20- 1.20). Similarly, 

when the female groups were compared the -358TT+355(GA+AA) +2919TT combination had 

no effect in ECs when compared to Progressors (ECs: 16.0% vs. Progressors: 11.2%, P=0.74; 

OR=0.66; CI=0.20-2.21) and when Controllers were compared to Progressors (Controllers: 

18.9% vs. Progressors: 11.2%, P=0.14; OR=0.54; CI=0.24-1.21) (Figure 3.25).  
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Figure 3.25. Bar graphs showing comparison of combinations of the CXCR6 rs2234355 (355 

GA+AA), rs2234358 (-358TT) and CCR5 rs746492 (+2919TT) genotypes in HCs, 

Progressors, ECs and VCs (combined females and males) as well as in Progressors, ECs and 

VCs (females only). 
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Gen H3 Africa study (Ramsay et al., 2016) to JHB and DBN Controllers to determine whether 

HCs are more similar to the JHB or DBN cohort. 

 

3.7.1. Allelic comparisons of CCR5 and CXCR6 SNPs between HCs, Durban and 

Johannesburg cohorts 

There was no significant difference in allelic representation of the CCR5 rs746492 variant 

between the JHB and DBN cohorts in Progressors (G: 45.3% vs. 40.8%, P=0.38) and ECs (G: 

30.4% vs. 41.9%, P=0.24), however, the minor allele (G) was significantly overrepresented in 

the DBN compared to JHB cohort in Controllers (G: 44.3% vs. 30.8%, P=0.02) with a strong 

trend of overrepresentation in the DBN cohort compared to JHB cohort in the VCs (G: 45.5% 

vs. 31.8%, P=0.06). Interestingly, the G-allele representation of the CCR5 rs746492 SNP in 

HCs was more aligned to the DBN Controllers (P=0.75) and showed a strong trend of 

overrepresentation compared to the JHB Controllers (G: 30.8% vs. 42.0%, P=0.07). The DBN 

cohort VCs are more aligned with HCs in the representation of the CCR5 rs746492 G-allele 

(Table 3.4, Figure 3.26A). 

 

No significant difference was observed in the allelic representation of the CCR5 rs553615728 

variant between the JHB and DBN cohorts in Controllers (T: 4.2% vs 3.2%, P=0.49); 

Progressors (T: 3.4% vs 2.5%, P=0.56); VCs (T: 6.8% vs 3.0%, P=0.27) or ECs (T: 0% vs 

2.0%, P=1.00) (Figure 3.26B). The allelic representation of the CCR5 rs553615728 variant in 

Controllers from JHB and DBN cohorts was similar to HCs (T: 4.2% vs. 1.7%, P=0.28; 3.2% 

vs. 1.7%, P=1.00) (Figure 3.26B). 

 

No significant difference was found in the allelic representation of the CXCR6 rs2234355 

variant between the JHB and DBN cohorts in Controllers (A: 51.2% vs. 48.3%, P=0.69); 

Progressors (A: 43.8% vs. 42.3%, P=0.77), VCs (A: 50.0% vs. 50.9%, P=1.00) or ECs (A: 

54.5% vs. 43.5%, P=0.46) (Figure 3.27A). The allelic representation of the CXCR6 rs2234355 

variant in Controllers from JHB and DBN cohorts was similar to HCs (A: 51.2% vs. 46.6%, 

P=0.51; 48.3% vs. 46.6%, P=0.83) (Figure 3.27A). 

 

Likewise, no significant difference was seen in allelic representation of the CXCR6 rs2234358 

variant between the JHB and DBN cohorts in Controllers (T: 45.1% vs. 48.3%, P=0.69); 

Progressors (T: 59.0% vs. 51.5%, P=0.14), VCs (T: 40.0% vs. 44.6%, P=0.63) or ECs (T: 

59.1% vs. 54.8%, P=0.81). It is interesting to note that the T-allele representation of the CXCR6 

rs2234358 variant was comparable between DBN Controllers and HCs (T: 48.3% vs. 56.9%, 
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P=0.13) and showed a trend of underrepresentation in JHB Controllers compared to HCs (T: 

45.1% vs. 56.9%, P=0.08) (Figure 3.27B). 

 

 

Figure 3.26. Bar graphs showing the comparison of allele distributions between Durban (DBN) 

and Johannesburg (JHB) cohorts for the: (A) CCR5 rs746492 SNP and (B) CCR5 rs553615728 

SNP in HC, Controller, Progressor, EC and VC groups. 
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Figure 3.27. Bar graphs showing the comparison of allele distributions between Durban (DBN) 

and Johannesburg (JHB) cohorts for the: (A) CXCR6 rs2234355 SNP and (B) CXCR6 

rs2234358 SNP in HC, Controller, Progressor, EC and VC groups. 
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to DBN Controllers, VCs and ECs (Controllers: 50.0% vs. 29.8%; VCs: 51.4% vs. 30.4%; ECs: 

47.8% vs. 29.0%). Heterozygosity (TG) was found at a higher frequency in Progressors in the 

JHB cohort compared to the DBN cohort (62.5% vs. 51.5 %,) and lower in Controllers, VCs 

and ECs in the JHB cohort compared to DBN cohort (Controllers: 38.3% vs.51.7%; VCs: 

35.1% vs. 48.2%; ECs: 43.5% vs. 58.1%). Lastly, minor allele homozygosity (GG) was very 

similar between cohorts in Progressors (15.3% vs. 15.0%), however lower in JHB Controllers, 

VCs and ECs compared to DBN Controllers, VCs and ECs (Controllers: 11.7% vs. 18.4%; 

VCs: 13.5% vs. 21.4%; ECs: 8.7% vs. 12.9%) (Figure 3.28A). Overall however, comparing 

the CCR5 rs746492 genotype distribution between the two cohorts did not show statistically 

significant distributions (Progressors: P=0.19; VCs: P=0.14 and ECs: P=0.40), but there was a 

trend of overrepresentation of the TG and GG genotypes in DBN cohort compared to JHB in 

Controllers (P=0.05). Overall, the genotypic representation of the CCR5 rs746492 SNP in HCs 

(TT: 31.0%, TG: 54.0%, GG: 14.9%; Table 3.4) was more aligned to the DBN Controllers 

(P=0.86) and showed a strong trend of underrepresentation in JHB Controllers (P=0.07) 

compared to HCs.  

 

For the CCR5 rs553615728 SNP, major allele homozygosity (CC) was comparable between 

the JHB cohort and DBN cohort in Controllers (91.7% vs. 95.4%); Progressors (93.2% vs. 

95.0%), in ECs (100% vs. 97%), however was lower in VCs in the JHB cohort (86.5% vs. 

95.0%). Heterozygosity (CT) had slightly lower representation in Progressors from DBN 

(5.0%) compared to JHB (6.8%) cohort, while in Controllers and VCs the CT genotype had 

higher representation in the JHB cohort compared to DBN cohort (8.3% vs. 4.6%; 13.5% vs. 

5.4% respectively). In the ECs, heterozygosity (CT) was absent in the JHB cohort (0%) and 

was less frequent in the DBN ECs (3.2%) compared to the DBN Progressor and VC groups. 

Minor allele homozygosity (TT) was absent in both cohorts, due to the rarity of this variant 

(Figure 3.28B). Overall the genotypic distribution of the CCR5 rs553615728 SNP was not 

significantly different between cohorts in all study groups (Controllers: P=0.49; Progressors: 

P=0.56; VCs: P=0.26 and ECs: P=1.00), as well as when Controllers from JHB and DBN 

cohorts were compared to HCs (P=0.27; P=1.00, respectively). 

  

For the CXCR6 rs2234355 SNP, homozygosity for major allele (GG) was higher in the JHB 

cohort compared to the DBN cohort in the Progressors (42.0% vs. 34.5%), lower in the JHB 

cohort compared to the DBN cohort for Controllers and VCs (12.2% vs. 27.6%; 10.0% vs. 

23.2%) as well as in ECs (18.0% vs. 35.9%) (Figure 3.29A). Heterozygosity (GA) had higher 
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representation in Progressors from DBN (46.5%) compared to JHB (29.0%), whereas in the 

Controllers and VC groups the GA genotype had higher representation in the JHB cohort 

compared to DBN cohort (73.2% vs. 48.3; 80.0% vs. 51.8% respectively). In the EC groups, 

heterozygosity was slightly more elevated in the JHB cohort compared to the DBN cohort 

(55.0% vs. 41.9%). Minor allele homozygosity (AA) was more highly represented in the JHB 

cohort compared to DBN cohort in Progressors (29.0% vs. 19.0%) and ECs (27.0% vs. 22.5%) 

although less so in the Controller and VC groups however, this genotype was substantially less 

prevalent in the JHB cohort compared to the DBN cohort (14.7% vs. 24.1%; 10.0% vs. 25.0% 

respectively) (Figure 3.29A). Interestingly, the overall distribution of the CXCR6 rs2234355 

genotypes were significantly different between JHB and DBN cohorts for the Controller, 

Progressor and VC groups, (P=0.03, P=0.03; P=0.04, respectively) but not for the EC groups 

(0.66). The genotypic representation of the CXCR6 rs2234355 SNP in HCs (GG: 33.3%, GA: 

40.2%, AA: 26.4%; Table 3.4) was more aligned to the DBN Controllers (P=0.56) and 

significantly differentially distributed when compared to JHB Controllers (P=0.002). 

 

Lastly, regarding the CXCR6 rs2234358 SNP, homozygosity for the major allele (GG) was 

underrepresented in the JHB cohort compared to the DBN cohort in the Progressor group 

(14.0% vs. 24.0%), was comparable between the cohorts in the Controllers and VCs (26.8% 

vs. 25.3%; 27.0% vs. 28.6% respectively), and had higher representation in the JHB cohort 

compared to the DBN cohort in the EC group (27.0% vs. 20.0%) (Figure 3.29B). 

Heterozygosity (GT) was relatively comparable between the JHB and DBN cohorts in 

Controllers and Progressors (56.1% vs. 52.9%, 54.0% vs. 49.0% respectively), higher in the 

JHB cohort compared to the DBN cohort in the VCs (66.0% vs. 53.6%) and considerably less 

prevalent in JHB cohort compared to the DBN cohort in the EC group (27.0% vs. 51.6%). 

Minor allele homozygosity of this variant (TT) was slightly more prevalent in the JHB cohort 

compared to the DBN cohort in Progressors (32.0% vs. 27.0%) but was slightly less prevalent 

in JHB compared to DBN in Controllers (17.1% vs. 21.8%), much less represented in the JHB 

cohort compared to the DBN cohort in VCs (7.0% vs. 17.9%) and more prevalent in the JHB 

cohort compared to the DBN cohort in the EC group (46.0% vs. 29.0%) (Figure 3.29B). Despite 

these differences, the distribution of these CXCR6 rs2234358 genotypes between the two 

cohorts were not significantly different (Controllers: P=0.88; Progressors: P=0.19; VCs: 

P=0.33 and ECs: P=0.32). Similarly, HCs (GG: 19.5%, GT: 47.1%, TT: 33.3%; Table 3.4) 

were comparable to JHB and DBN Controllers (P=0.15; P=0.21, respectively). 
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Figure 3.28. Comparison of genotypic distributions between HCs, Durban (DBN) and 

Johannesburg (JHB) cohorts for the: (A) CCR5 rs746492 SNP and (B) CCR5 rs553615728 

SNP in HC, Controller, Progressor, EC and VC groups. 
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Figure 3.29. Comparison of genotypic distributions between HCs, Durban (DBN) and 

Johannesburg (JHB) cohorts for the: (A) CXCR6 rs2234355 SNP and (B) CXCR6 rs2234358 

SNP in HC, Controller, Progressor, EC and VC groups. 
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CHAPTER 4: Discussion and conclusion 
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The overwhelming impact of HIV is most noticeable in Sub-Saharan Africa. In the absence of 

ART, most HIV-infected individuals have continuous viral replication and declining CD4+ T-

cell counts, progressing to AIDS, which inevitably results in death. Regardless of endeavours 

to develop a successful vaccine against HIV-infection, relatively toxic ARVs are still the best 

choice of treatment. There is however a subset of HIV-infected individuals who have the ability 

to naturally control their plasma viral replication without ARVs for extended periods of time -

these individuals are broadly termed HIV Controllers. Elite controllers (ECs) comprise a small 

sub-group of HIV Controllers, with most HIV cohorts reporting a prevalence of <1% (Okulicz 

et al., 2009; Grabar et al., 2009). However the prevalence of ECs in this study was 5.2% which 

could possibly be attributed to the criteria used to define Controllers in this study based on a 

single time point. This high frequency of ECs in the 590 recruited participants could also be 

due to the already specific selection based on CD4+ T cell count i.e. only individuals with CD4+ 

T cell counts <200 and >500 cells/l were included, therefore the estimates would be an over-

estimate as the denominator was not based on participants representing all CD4+ T cell counts 

within the period of recruitment. In addition, the numbers would be expected to be further 

reduced if Controllers categories were based on longitudinal data. The study of models that 

represent HIV-control can provide continued insights into the mechanisms of host control 

which may reveal specific targets or combination of factors that can be considered for the 

development of new therapeutic strategies in the endeavour to attain a “functional cure” for 

HIV infection.  

 

In this study, 590 HIV-1 infected individuals were screened and recruited via the Lancers and 

Chesterville PHC bleeding rooms in Durban. These were convenient cohort recruitment 

locations as these individuals were already attending the PHC facilities and were scheduled to 

have their CD4+ T-cell counts determined. We incorporated the study into the “clinic flow” so 

that participants eligible for our study were referred to us by the clinic staff. Of the 590 screened 

individuals, a total of 287 participants were enrolled into the current study and were categorised 

as HIV-1 infected Controllers or Progressors based on their CD4+ T-cell counts and VL 

measurements, while the remaining 303 individuals were determined ineligible for study 

enrolment. There were several reasons for study ineligibility and these included the following: 

VL measurements and age exceeding the study criteria limit, commencement of ART before 

the enrolment visit, residence relocation and therefore not wanting to continue with 

participation in the study, and lastly, failure to return to the clinic for further clinical evaluation. 

The failure to return to the clinic could be related to either the participants not wanting to 
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commit to regular follow-up study-related clinic visits outside of their regular clinic visits, or 

secondly an inadequate understanding of the purpose of the study, or lastly that they felt 

pressured by health care workers into being initiated onto ARVs. 

 

Several challenges were encountered during the recruitment process. At least 11% of the 

Progressors that were screened-out of the study were older than 35 years of age, the age that 

was set as the cut-off for eligibility of enrolment into the Progressor group. These participants 

had initially reported an incorrect date of birth at the screening visit which was then verified 

against their identity document upon their return visit for enrolment. Dishonesty or misleading 

medical information from the individuals attending PHC facilities is a frequent problem 

experienced within the clinics. Our results corroborate those of Sykes et al. (2019), who 

reported on “false elite controllers”, where some individuals with the EC phenotype (HIV 

antibody-positive, RNA-negative) did not disclose ART use. Similarly, in this study there were 

individuals who had low CD4+ T-cell counts and high VL displaying a Progressor phenotype, 

but upon being probed further at enrollment admitted to commencing ARVs prior to study 

recruitment but had not disclosed taking ARVs at the time of being screened. 

   

Participants may sometimes be dishonest and falsify information for a number of reasons, these 

include wanting to keep a good relationship with the study research team and/or not wanting 

to lose the study reimbursement as well as the individual patient care from the study nurse or 

counsellor. Other reasons for false disclosures could also be related to experiencing peer 

pressure from friends within or outside the study. This can also be associated with non-

commitment to the study as they only joined because they were giving in to the peer pressure. 

All of these issues tend to adversely affect the outcome of the study. One thing that we learned 

in this study is that study participants tend to give responses that are socially desirable 

especially when it pertains to sensitive or personal issues. Amongst the individuals that were 

identified as HIV Progressors, 16.7% did not return to the clinic for any further follow-up after 

being diagnosed with HIV-1. Although concerted effort was made to contact these individuals 

telephonically, this proved unsuccessful. We speculate that possible reasons for this were either 

individuals not understanding that they needed to be initiated on ARVs immediately, or that 

individuals were too ill to return, or the fear of being stigmatised about their status if they were 

seen at the ARV clinic upon collection of their ARVs.   

 

Recruiting participants into a study can be an emotionally turbulent and maturing experience 

for the recruiter. Challenges encountered during the recruitment process were numerous and 
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included participants questioning how they would benefit from being recruited into the study 

with respect to the management of their health, to which the reply was that there may be no 

direct benefit to participants in such observational studies although participants and others may 

benefit in the future from the information gained from the study. When addressing such 

concerns and questions one needs to assure participants that their participation in the study is 

voluntary. Another example of a challenge included a male participant who was reluctant to 

answer questions on sexual behaviour due to the younger age of the recruiter, as he felt that it 

would be like disclosing such information to his daughter – in this case the recruiter respectfully 

asked him whether he would prefer to be handed over to an older colleague, who in this case 

successfully completed the recruitment process. Talking about HIV and AIDS poses 

difficulties since it involves discussion about sex which tends to be a very sensitive topic for 

many individuals, and this was more obvious where older male participants were concerned. 

Talking to participants about sex often resulted in some anxiety since it was often perceived as 

crossing status limits, determined by age, which in many African backgrounds it is a customary 

norm for the tone of conversation to be respectful when addressing older persons. Therefore, a 

recruiter needs to navigate that territory very cautiously and needs to avoid coming across as 

impolite or rude. We also noticed that some participants were more comfortable when the 

question regarding the numbers of partners they had in the last 3 months was posed by a 

younger non- professional (not a nurse or doctor) recruiter (which tended to be a higher number 

of partners), rather than when a mature nurse professional posed the question (where the answer 

tended to be one or two partners for the same individual). It has been reported that patients are 

rather reticent when it comes to their interaction with clinic nurses (Weitzman et al., 2012). 

Thus recruitment is a complex process which involves constant monitoring of the individual, 

the situation and the ethnic customs and boundaries.  

 

There were also several opportunities that presented themselves during the recruitment process 

in this study, for example some participants in the Progressor group with low CD4+ T-cell 

counts were too ill to be recruited and the study staff facilitated their immediate commencement 

of ARVs through the clinic sister in charge. Some individuals were concerned about the 

duration of the recruitment process as they also had to wait in the queue for group counselling 

prior to ARV initiation - due to the good working relationships between the study and clinic 

staff, we reassured participants that their place in the queue would not be affected as they would 

be taken to the clinic sister who was carrying out the patient ARV initiation after completion 

of the recruitment process without having to re-join the queue – sometimes a small gesture can 
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make the difference between a successful or failed recruitment. As another example, some 

individuals who after attending the group counselling session and had been initiated on ARVs 

sought more clarity about their disease - the study staff were thus able to empower them through 

education regarding their HIV disease. A few participants attended the clinic with their 

respective partners who questioned why one of them was being recruited and the other not – 

this allowed for the opportunity to explain the reason for conducting this study as well as to 

empower him/her with knowledge regarding their HIV disease. Lastly, participants appreciated 

the privacy the study provided during the recruitment process as they were alone with the 

recruiter and one other colleague.  

 

The majority of participants enrolled in this cohort were female with the median age of 29 

years. It has been reported that women are much more likely to seek health care because of the 

PMTCT programmes thereby enabling women to access HIV testing during routine antenatal 

visits (Shisana et al., 2015). Failure to visit the health facility for follow up care even after 

HIV-1 diagnosis amongst males has been strongly associated with stigma (Sprague and Simon, 

2014).  

 

Similarly, a study conducted in Johannesburg, South Africa reported that females were more 

knowledgeable about HIV than males, and healthcare facilities were frequented more by 

women (Johnston et al., 2010). According to Mburu et al. (2014) masculinity makes men want 

to be in control and powerful; the thought of being sick makes them feel invaluable so they 

prefer not to admit being ill. 

 

Most individuals self-reported that their sexual debut occurred when they were older than 15 

years of age while a minority (19.3%) self-reported being younger than 15 years, 6.8% of 

individuals did not know the actual age of their sexual debut and 0.5% of individuals were 

unwilling to disclose this information. Previously, most societies in sub-Saharan Africa were 

guided by norms and values that prohibited promiscuity and premarital sex acts (Bleek, 1981; 

Sarpong, 1977). In societies where premarital sex is prohibited or discouraged, individuals who 

engage in premarital sex stand the risk of being stigmatized should this become known to 

members of their society.  Musheke et al. (2013) reported that the general public perceive HIV 

infected individuals as promiscuous and this is likely to make individuals feel insecure and 

afraid if they are seen attending an HIV testing site. The authors also mentioned that a positive 

HIV diagnosis has been associated with defining one’s character in relation to moral issues. In 
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this study two thirds of individuals self-reported as having one partner in the last six months 

while the remainder had two or more or zero partners.  

 

Heterosexual HIV transmission was self-reported by 98.1% of individuals in this cohort. In 

general, we found that participants in this study were knowledgeable about the different modes 

of HIV-1 transmission as well as the use of condoms to prevent HIV infection. However, the 

inconsistent condom usage reported by participants in this study points to the poor perception 

of actual infection risk in fact a fair number of individuals (19.5%) reported never using 

condoms during sexual acts. Most participants reported as tending to use condoms only with 

casual partners and not a regular partner, thereby displaying risky sexual behaviour with the 

regular partner. Similarly, Gibbs et al. (2014) showed that participants in new or casual 

relationships are more likely to use protection, and as the relationship becomes more stable, 

then condom usage declines. Although this behaviour is understandable and likely a natural 

progression in a stable relationship, it makes the obvious assumption that a regular partner is 

not having unprotected sex with other individuals (possibly HIV-infected) outside of the 

relationship, an assumption that can be very costly and should likely be discouraged in high 

risk societies. This is the most likely explanation in 23.7% of participants who reported always 

using condoms but yet still got infected. 

 

Although individuals do seek alternative medical services, the utilization of traditional 

medicines by participants in this cohort was negligible. 

 

The majority of individuals (71.9%), mostly females (69.0%), reported being diagnosed with 

HIV-1 infection within the last 3 years prior to consultation, while in approximately one quarter 

of individuals, diagnosis took place between 3-10 years prior to consultation. The more recent 

diagnoses by mostly women can likely be attributed to the health seeking behaviour of women 

through PMTCT programmes (Shisana et al., 2015).  

 

Clinical manifestations of HIV-1 infection vary from one individual to another and those 

differences are independent of age, gender and mode of infection (Ahuja et al., 2008). Various 

studies have established that both viral and host genetic factors are essential determinants of 

the course of HIV-1 infection (Naranbhai and Carrington, 2017; McLaren et al., 2017; Liu et 

al., 1996). Without ART, the majority of HIV-1 infected individuals will develop uncontrolled 

viraemia and undergo progressive immune impairment thus progressing to AIDS within a few 

years of diagnosis. However, with that being said, there is a subset of individuals characterized 
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by a slow disease progression - individuals who can maintain a high CD4+ T-cell count while 

supressing HIV replication (Fellay et al., 2007). These individuals provide us with the 

opportunity to understand what pathways are important in natural control of HIV-1 in order for 

the design of better therapeutics, vaccine targets and ultimately a functional cure for this 

devastating disease.  

It has been demonstrated that HIV-1 can become less virulent over time, resulting in protective 

HLA alleles no longer showing an association with slow disease progression as compared to 

previous, older studies (Payne et al., 2014). This is largely due to the accumulation of escape 

mutants in critical viral epitopes important for immune control thereby lowering viral fitness 

at the population level (Kløverpis et al., 2016). It could be postulated that the same may be 

occurring in response to other host factors, such as CCR5 and CXCR6, that have been found 

to be important in the HIV-1 immune response and that have been suggested to play a role in 

HIV-1 disease. For this reason, following findings made in a Johannesburg (JHB) based cohort 

(Picton et al., 2010; Koor et al., 2019), the current study was undertaken in a different region 

of South Africa (i.e. Kwazulu Natal; KZN), and results between cohorts compared and 

analysed to determine if findings from the JHB cohort studies were consistent with findings in 

KZN since the dynamics of the HIV epidemic may very well be different in the two regions.  

Polymorphisms in the CCR5 and CXCR6 genes have been found to significantly influence the 

outcome of HIV infection (Bachelerie et al., 2014). Therefore, information on CCR5 and 

CXCR6 genetic variation in HIV-1 infected individuals will provide a better understanding on 

how these chemokine receptors influence susceptibility to HIV-1 infection and/or disease 

acceleration. Different population groups show different associations to HIV-1 acquisition and 

disease progression, hence variation is also found among the various defined HIV-Controller 

groups. It is important to study genotypic variation in African populations to identify genes 

that play a major role in complex disease susceptibility, adaptation, and function in Africans 

and populations of recent African ancestry. 

Africa is an important region to study human genetics because of the complex population 

history and exposure to infectious diseases which has resulted in various disease related genetic 

mutations in African populations (Campbell and Tishkoff, 2008; Campbell and Tishkoff, 

2010). Availability of CCR5 rs746492 and CXCR6 (rs223435, rs2234358) SNP data from the 

1000 genomes project (www.1000genomes.org), allowed us to compare representation of these 

variants in populations of European (Caucasian) ancestry and importantly to populations of 
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sub-Saharan African ancestry as well as to the black South African population (HCs) (Ramsay 

et al., 2016). This allowed us to provide novel information as to how representation of these 

functionally important variants differed from other population groups.   

 

The representation of the CCR5 rs746492 and CXCR6 rs2234355 and rs22334358 SNPs in the 

South African black population (HC) varied considerably from the European population 

(EUR), not unexpectedly since sub-Saharan African populations, given that they are older 

populations from an evolutionary perspective, tend to exhibit higher levels of genetic variation 

when compared to Caucasian populations, with different polymorphisms, differential variant 

distributions, and differences in patterns of linkage distribution (Picton et al., 2010; Ramsay et 

al., 2011; May et al., 2013; Gentle et al., 2013). What was somewhat surprising were the 

significant differences seen in all three SNPs, both in allelic genotypic representation, when 

we compared the South African black population to the West African Yoruba (YRI) 

population. The South African black population was more similar in representation of these 

three SNPs to the East African Luhya (LWK) population, especially with respect to the two 

CXCR6 SNPs. This was similar to what was seen in the Johannesburg cohort with respect to 

these two CXCR6 variants (Picton et al., 2017). Picton et al. (2017) suggest that populations 

living in SIV endemic areas (West Africa) may have become resistant to immunodeficiency 

viruses due to undergoing genetic selection of certain alleles. While natural selection at these 

loci might be one explanation, the same pattern is often seen in other genes (Ramsay et al., 

2016) and might just be due to migration patterns during the Bantu Expansion. CXCR6 may 

well be one of these genes, as African green monkeys and sooty mangabeys display a non-

pathogenic SIV infection despite significant viral replication, and use CXCR6 receptor 

efficiently (Riddick et al., 2010; Wetzel et al., 2017). However, what was worth noting was 

that CXCR6 rs2234358 G-allele, which has been shown to be the beneficial allele in viraemic 

long term non-progression (Limou et al., 2010; Picton et al., 2017), had the highest allelic 

representation in the South African black population (HC: 43.1%) compared to the other 

African populations (LWK: 36.4%; YRI: 24.5% and total African: 31.5%). Although the HIV 

epidemic from a human genetics evolutionary perspective has not existed long enough to be 

considered as an extended period of time, it could be speculated that this difference in allele 

frequency  may be attributed to the selection of this protective allele in the South African black 

population due to the country being the epicentre of the global HIV epidemic for most of the 

duration of the HIV epidemic. 
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The 3’ and 5’ untranslated regions (UTRs) as well as intronic regions are important in the 

regulation of the CCR5 gene (Mummidi et al., 1997) since mutations in these regions may 

influence CCR5 expression, an important feature that impacts HIV-1 disease outcome. Genetic 

variants in the CCR5 gene have been shown to influence HIV-1 acquisition and progression to 

AIDS (Naranbhai and Carrington, 2017). A cohort study of HIV-1 infected Controllers and 

Progressors in JHB showed that two SNPs in the CCR5 gene, namely one in the 3’-UTR region 

(+2919T/G, rs746492) (Koor et al., 2019) and the other in the 5’-UTR (-4223C/T, 

rs553615728) (Gornalusse et al., 2015), could potentially serve as deleterious and protective 

markers in the context HIV-1 control, respectively (Koor et al., 2019). In addition, Koor et al. 

(2019) reported on the effect of the allelic and genotypic representation of CCR5 5’-UTR-

2SNP-hap (-2459G/A and-2135C/T) to be underrepresented in total Controllers and VCs 

compared to Progressors. Furthermore, these authors showed that the +2919T/G SNP is in LD 

with the 5’-UTR-2SNP-hap. 

In this study, conducted on similar disease phenotypes (Controllers, ECs, VCs, and 

Progressors) in KZN, the CCR5 rs746492 variant did not show a similar association. CCR5 

rs746492 minor allele (G) representation was comparable between Controllers, ECs, VCs and 

Progressors, and possession of the heterozygous genotype (TG) did not show an 

overrepresentation in Progressors compared to any of the Controller groups. These findings are 

different to those reported by Koor et al. (2019), who found that the minor allele was lower in 

ECs and VCs but was significantly underrepresented in total Controller group compared to 

Progressors, while heterozygosity (TG) was underrepresented in all Controller groups when 

compared to Progressors. The CCR5 rs746492 SNP in the dominant mode (i.e. TG+GG) also 

did not reveal an association with HIV-1 disease progression in this study as it was found in 

the JHB cohort (Koor et al., 2019). These results suggest that unlike the JHB cohort, the CCR5 

rs746492 SNP has no effect on HIV-1 control in the DBN cohort. This marked difference is an 

interesting finding and opens up questions regarding the role of CCR5 expression in HIV-1 

control in the setting of the KZN epidemic. However, future work is needed to understand and 

confirm the effect of this polymorphism in the context of HIV-1 control in the greater black 

South African population.  

 The CCR5 rs553615728 SNP, was only detected in individuals of sub-Saharan African descent 

in a study conducted in two South African populations – black and white South African 

populations (Picton et al., 2010). Although a fairly rare variant, the rs553615728 SNP has been 
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associated with the disruption of the CpG-41 site which causes changes in DNA methylation 

levels and alters the binding of the cAMP responsive element binding protein 1 (CREB1) 

transcription factor of CCR5 (Gornalusse et al., 2015). This polymorphism has been found to 

be more prevalent in individuals with the protective CCR5 HHA haplotype and there is a very 

strong LD between this SNP and HHA haplotype (Gornalusse et al., 2015; Koor et al., 2019). 

According to Gornalusse et al. (2015), the rs553615728 SNP is also associated (a strong trend) 

with protection from HIV-1 acquisition in southern Africans.  

Two recent studies done in the South African black population have investigated the role of 

the CCR5 rs553615728 SNP in HIV-1 disease (Koor et al., 2019; Jaumdally et al., 2017). 

Although the findings by Jaumdally et al. (2017) were not significant, these authors reported 

that exposed-uninfected individuals had a higher representation of the rs553615728 SNP (11%) 

compared to unexposed controls (5%). Koor et al. (2019) reported the CCR5 rs553615728 SNP 

to be associated with HIV-1 control in the context of high viraemia (i.e. VCs) but not in elite 

control. In this study cohort we found no significant difference in representation of the CCR5 

rs553615728 SNP between the Controller, Controller sub-groups and Progressors. It should be 

noted however that in the Koor et al. (2019) cohort study, the effect of this SNP only showed 

significance once the groups were compared in the absence of the HHE haplotype (a known 

high transcriptional promoter haplotype). Since we had not sequenced the CCR5 promoter 

regions in this study cohort, we could not carry out the same analysis and thus the results 

regarding this CCR5 SNP and its effect on HIV-1 control in the KZN cohort are inconclusive.  

 

The CXCR6 rs2234355 SNP, also known as CXCR6-E3K, results in a non-synonymous amino 

acid transition within the N-terminus of CXCR6 (glutamic acid to lysine) and has been linked 

to increased survival from Pneumocystis jiroveci pneumonia (PCP) in ART-naive African-

American HIV-infected patients (Duggal et al., 2003). Interestingly the initial VL suppression 

attributed to ART was associated with increased incidence of virological failure when the 

CXCR6-3K allele was present in Caucasians (Passam et al., 2007). This CXCR6 rs2234355 

SNP was found in higher percentages amongst Biaka Western Pygmies in comparison to Mbuti 

Eastern Pygmies in West Central Africa (Zhao et al., 2012) and has been attributed to being 

one of the protective alleles. The Biaka Western Pygmies used to live in the same region as the 

central African chimpanzee, which was the natural host for SIV strains from which HIV is 

thought to have originated (Zhao et al., 2012).  
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The CXCR6 rs2234355 minor allele (A) was detected at a high frequency (>40%) in this cohort. 

This is in agreement with the findings by Picton et al. (2017) who also reported in excess of 

40% frequency of the rs2234355-A allele in their black South African cohort. Although Picton 

et al. (2017) found that heterozygosity for this variant (GA) was highly significantly 

overrepresented in VCs compared to Progressors (80% vs. 29%, respectively) in their JHB 

cohort, both the allelic and genotypic comparisons conducted in this study showed no 

significant association of this polymorphism with HIV-1 control in the total Controller group 

or the VC and EC sub-groups.  

 

The CXCR6 rs2234358 polymorphism is located 42 base pairs downstream from the 

termination codon (3’-UTR) and may therefore influence mRNA stability, gene expression, 

mRNA splicing or mRNA regulation (Limou et al., 2010). However, the functional 

implications of sequence variants in the m-RNA 5′ leader (i.e., the region upstream of the ORF 

initiator codon) and 3′-UTRs (i.e., the region downstream of the ORF stop codon) are often 

uncharacterized as they are not always apparent (Robert and Pelletier, 2018).  

 

The CXCR6 rs2234358 polymorphism has been associated with HIV-1 disease control in the 

presence of viraemia (i.e. not in the context of elite control) in Caucasian individuals (Limou 

et al., 2010). This association was replicated in three additional independent cohorts of 

European descent reaching genome wide significance of Pcombined=9.7x10-10, and represented 

the first non-HLA replicated association discovered using a GWAS approach (Limou et al., 

2010). Similarly, in a study conducted on a South African black population, the rs2234358 T-

allele (minor allele) was significantly lower in viraemic controllers compared to both 

Progressors as well as healthy uninfected controls, and minor allele homozygosity (TT) was 

also significantly lower in viraemic controllers compared to both Progressors and healthy 

uninfected controls (Picton et al., 2017).   

 

In this study the frequency of the minor allele (T) as well as minor allele homozygosity (TT) 

of the CXCR6 rs2234358 SNP showed strong trends (P=0.05 for both) of lower representation 

in the VCs compared to the background black South African population (HCs). Progressors 

had higher representation of the CXCR6 rs2234358 SNP T allele and TT genotype compared 

to VCs, however these were lower than the HC population and thus were not significant or 

trending towards significance. In the JHB study (Picton et al., 2017), the HC group also had 

higher representation of this SNP than the Progressors and the significance compared to VCs 
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was stronger relative to the HCs than to the Progressors. Thus, although the results in the 

current study do not show the same levels of significance, the relationships are similar and the 

shifts are in the same direction.  

 

A number of host genetic factors have previously been associated with the classical markers of 

HIV-1 disease progression, i.e. viral load and CD4+ T-cell count. Shrestha et al. (2010) reported 

that individuals with HLA B*57 alleles had significantly lower mean VL compared to 

individuals without this allele. In the current study the association between CCR5 and CXCR6 

genotypes and VL as a marker of HIV-1 disease progression was evaluated in the Progressor 

and VC groups. The relationship between genotypes and VL was not assessed in the Controllers 

and ECs as these individuals do not clinically progress and they have low or undetectable viral 

replication. The two CCR5 and CXCR6 SNP genotypes showed no association with VL in VCs. 

However, in Progressors, individuals possessing the CXCR6 rs2234358 TT genotype had 

significantly higher VL when compared to individuals possessing CXCR6 rs2234358 GT 

genotype. In the comparison of individuals with the TT genotype to all other individuals (i.e. 

TT vs. GG+GT), the individuals with CXCR6 rs2234358 TT genotype still had significantly 

higher VL measurements. These results further support the deleterious effect of the CXCR6 

rs2234358 TT genotype – in the Limou et al. (2010) study, the possession of the TT genotype 

was associated with the most rapid progression to AIDS-related death in their cohorts using 

Kaplan-Meier survival curve analyses.  

 

The most significant association reported by Picton et al. (2017) involved the combination of 

heterozygosity for the CXCR6-E3K SNP (rs2234355) in the absence of rs2234358 SNP minor 

allele homozygosity (TT), with VCs having 80% representation compared to 17% 

representation in Progressors (P<1x10-7 after correction for multiple comparisons).  This result 

also suggests that the significant underrepresentation of this genotype in VCs compared to 

Progressors in this study, and in the study by Picton et al., (2017), is likely attributable to direct 

control of viral load. It is also important to note that in the European-based studies, the T allele 

was also underrepresented in LTNPs (not ECs) compared to controls (Limou et al., 2010).  

 

A recent transcriptomic study has shown that CXCR6 gene expression was significantly 

downregulated in ECs in comparison to Progressors (Zhang et al., 2018), what was interesting 

is that the rs2234358 SNP was reportedly absent in their EC cohort. Given that European 

populations have a relatively high representation of this rs2234358 SNP (47% allelic 

frequency, 1000 Genomes Project), the absence of this SNP could be suggesting an association 
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with the lower CXCR6 expression seen. This may point to a mechanism in which decreased T-

cell susceptibility to HIV-1 entry causes increased HIV-1 replication control in HIV-1 infected 

ECs. What is also worthy of mention is that in the Zhang et al. (2018) study, their definition of 

elite control did not seem as rigorous as one would expect and may have in fact been a mixture 

of ECs and VCs, however this would need to be confirmed and is speculative at this stage; 

nonetheless this study does differ in that it suggests a role for CXCR6 in elite HIV-1 control. 

 

The CCR5 (rs746492 and rs553615728) and CXCR6 (rs2234355 and rs2234358) genotypes 

were stratified against CD4+ T-cell counts in the Progressors, VCs and ECs as a measure of 

HIV control, in order to evaluate whether there was any marked difference in CD4+ T-cell 

counts in the presence or absence of the respective SNPs. No significant associations were 

found between CD4+ T-cell counts and CCR5 (rs746492 and rs553615728) and CXCR6 

(rs2234355 and rs2234358) genotypes in Progressors, VCs and ECs, and although VCs had 

significantly higher CD4+ T-cell count with the CCR5 rs553615728 CT genotype compared to 

those with the GG genotype, due to the small sample number (N=3 with CT genotype), this 

result is likely not a true association. CD4+ T-cell counts have been reported not to be a reliable 

marker for HIV-1 control even though there is an inverse relationship between CD4+ T-cell 

count and VL (Shoko et al., 2019). As example, Hunt et al. (2008) reported a minority of 

individuals from an EC cohort (N=30), infected for about 16 years with VL<75 RNA 

copies/ml, had CD4+ T-cell counts of 350 cells/µl (10%) while others (7%) met the clinical 

definition of AIDS phase at the time.  

 

This study cohort had considerable differences between gender distributions amongst the study 

sub-groups, with the Progressor group having significantly less females compared to the 

Controller group confirming similar findings in another study (Madec et al., 2005), who 

demonstrated that females were overrepresented in the Controller group, had low baseline VL 

and high CD4+ T-cell counts. Certain studies have also reported better control of HIV amongst 

females. Gandhi et al. (2002) reported that the VLS in females is 0.33-0.78 log copies RNA/ml 

lower than in males in untreated HIV-1 infection, while Yang et al., (2017) reported that 

women are 5 times more likely to become ECs compared to men. This was attributed to the 

fact that pDCs in females produce significantly more IFN-α in response to stimulation by toll-

like receptor 7 (TLR7) ligands such as HIV-1 and other single-stranded RNA viruses. Souyris 

et al. (2018), recently showed that TLR7 is on the X-chromosome and is expressed at higher 

levels in females than males.  However, Moore and Cheever, 1999, found no significant 
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differences in VL between females and males while in the JHB cohort studies gender was 

similarly distributed between the Progressor, Controller, VC and EC groups (Picton et al., 

2017; Koor et al., 2019). 

 

We therefore assessed the allelic and genotypic frequencies for the CCR5 and CXCR6 SNPs 

on HIV control with respect to gender. There was no difference between males and females in 

CCR5 and CXCR6 allelic frequencies in any of the study groups. The CCR5 rs746492 SNP did 

not reveal any significant differences in representation with respect to gender in any of the 

groups in this study. However, there was a significantly higher representation of the CCR5 

rs553615728 CT genotype in male VCs compared to female VCs, with the GG genotype more 

prevalent in female than male VCs. In the Progressor group the CXCR6 rs2234355 GG 

genotype was significantly underrepresented in males compared to females and heterozygosity 

(GA) was overrepresented in males compared to females. These findings differ from the JHB 

cohort study (Picton et al., 2017), where no differences were found with respect to gender 

between Progressors and Controllers.  

 

Due to the gender differences discussed above, we subsequently analysed the effect of CXCR6 

rs2234355 variant in female VCs and Progressors. There was a trend of CXCR6 rs2234355 

minor allele (A) as well as the CXCR6 rs2234355 in the dominant mode (GA+AA) 

overrepresentation in VC females compared to Progressors. Although we did not observe 

significant differences in the CXCR6 rs2234355 and rs2234358 SNP representations when the 

genotypes were compared independently in Controllers, ECs, VCs and Progressors in this 

study, there was an association of the CXCR6 s2234358 TT genotype with increased VL in 

Progressors. Analysis of the combined effect of the two CXCR6 SNPs in males and females 

(combined group) as well as females alone was conducted to determine whether there was an 

association between the previously described combination of protective CXCR6 rs2234355 GA 

genotype plus absence of the deleterious rs223438 TT genotype (Picton et al., 2017). In this 

study we found that the effect of the two CXCR6 SNPs in a slightly different combination (i.e. 

individuals lacking the CXCR6 rs2234355 TT genotype in the presence of CXCR6 rs2234355 

in the dominant mode), designated as [-358TT+355(GA+AA)], showed significant higher 

representation in VCs compared to Progressors and compared to HCs in the total group 

comparison, with this association being enhanced when corrected for gender by comparing 

females only. These findings are thus consistent with those reported by Picton et al. (2017) and 

Limou et al. (2010), since CXCR6 is impacting viraemic control but not elite control. Although 
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there was no significant overrepresentation in the combined effect of the CCR5 and CXCR6 

protective genotypes, there was a higher representation in VCs compared to Progressors, HCs 

and ECs in the total and female only group comparisons. This is likely attributable to the 

protective effect of the CCR5 genotype diluting the effect of the CXCR6 protective genotype 

seen. These findings thus serve to corroborate that some protective factors may have an effect 

in Controllers with higher viraemia who have the ability to control their viral loads to some 

degree without a decline in their CD4+ T-cell count, and show no association with ECs who 

display largely undetectable HIV-1 viraemia. This also highlights the importance of the study 

of natural control of HIV-1 by looking at the different modes of control and not simply 

grouping all modes under one group as it is likely that different or overlapping mechanisms 

will play a role in these modes of control. The use of gender stratification analysis to address 

the problem of gender as a confounder was hampered by the small sample sizes particularly in 

the EC and VC groups. Multivariate analysis to control for confounders might be useful to 

further interrogate the effect of CCR5 and CXCR6 variants on HIV control with respect to 

gender. 

 

Gauteng is a highly ethnically heterogeneous province compared to KZN, which is relatively 

homogenous regarding the ethnicity with respect to the black population. The HIV-1 

prevalence between these South African populations differs with KZN bearing the burden of 

HIV-1 (Shisana et al., 2015). Factors responsible for these variations are poorly understood. 

Each location has its distinct characteristics as well as different patterns of individual risk 

factors. In the current study, we investigated whether the representation of the CCR5 (rs746492 

and rs553615728) and CXCR6 (rs2234355 and rs2234358) SNPs in the DBN cohort differed 

from those in the JHB cohort.  This comparison was carried out in order to determine if the two 

cohorts could be combined which would facilitate an increase in sample number of the 

Controllers, Progressor, EC and VC groups for future analyses. There was a significant 

overrepresentation of the CCR5 rs746492 G allele in the DBN compared to the JHB cohort in 

Controllers and a strong trend of overrepresentation in VCs, but no other significant differences 

were observed in the allelic representation of CCR5 rs553615728 SNP between the two 

cohorts. Likewise, no significant differences were found in CXCR6 rs2234355 and rs2234358 

SNP allelic comparisons between the two cohorts in all study groups. Comparison of genotypic 

distributions between the JHB and DBN cohorts showed no significant differences in CCR5 

rs746492 and rs553615728 SNPs.  
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The distribution of the CXCR6 rs2234355 genotypes however were significantly different in 

the Progressor and VC groups between the two cohorts. With respect to the rs2234358 SNP, 

overall the genotypic distributions did not differ significantly between the two cohorts in any 

of the study populations. It is possible that the different HIV epidemic dynamics, in the 

background of different ethnic host differences, may be responsible for the differences seen 

between the JHB and KZN cohorts, particularly with respect to CXCR6 SNP representation. It 

should be noted that the HC data that was used in both the JHB and the KZN comparisons was 

a mixture of black South African ethnicities. As the allelic and genotypic frequencies for the 

CCR5 and CXCR6 SNPs in the DBN cohort were more aligned with HCs, it would be 

informative to know what the background representation of these SNPs is in a predominantly 

healthy Zulu population group relative to the Progressor and Controller groups from KZN. 

  

Susceptibility to HIV-1 infection and rate of progression to AIDS is influenced by a number 

of genetic variations. Understanding the contribution of the SNPs within the CCR5 and 

CXCR6 genes is crucial to elucidate the mechanisms of control of the virus. Limitations of 

this study included the following: First, we assigned participants into HIV phenotypic 

groups based on one time-point based on VL and CD4+ T-cell count. The Controllers are 

therefore “potential” elite or viraemic controllers, and results might differ if these are 

defined by stricter criteria based on longitudinal clinical data. These longitudinal analyses 

are in progress as part of the larger ongoing study. The Progressors were also defined based 

on a single time-point, but restricted to individuals with progressive infection (CD4+ T-cell 

counts <200 cells/µl, high VLs >10 000 RNA copies/ml) and who were ≤35 years of age. 

The age threshold for inclusion was to ensure a greater likelihood of excluding longterm 

controllers who have subsequently lost control. Second, with the utilization of self-reported 

questionnaires it became evident that sometimes participants do not disclose truthful 

information, therefore results obtained from questionnaires should be treated with some 

caution. In particular, as evident in the South African Blood Bank study, which identified 

“false elites” who did not disclose ART usage, it is important to test plasma samples for 

ARVs (Sykes et al., 2019) to ensure the correct categorization of elite controllers. Third, 

there are a number of promoter haplotypes in CCR5 that associate with control, but the 

CCR5 and CXCR6 SNPs genotyped and assessed in this study are not in linkage 

disequilibrium and thus no haplotype analysis was performed. The haplotype structures are 

unlikely to differ between these two cohorts, but haplotype frequencies may very well differ 

between the two cohorts, and may be differentially impacting on HIV control. Ongoing 
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studies of these cohorts will explore this possibility, as well as genetic variation of the 

chemokine ligands of CCR5 and CXCR6. There is a need to thoroughly investigate and 

understand the interactions of these important chemokine-chemokine receptor axes in the 

context of HIV-1 control in populations most affected by the HIV-1 epidemic. Lastly, small 

sample sizes especially in EC and VC groups, lack of knowledge of other genotypes in the 

CCR5 or CXCR6 or other genes such as HLA and lack of knowledge of viral strains (as 

some controllers could theoretically have less virulent strains) were additional weaknesses 

of this study.  

 

In conclusion, these findings suggest that CXCR6 rs2234358 TT is strongly associated with 

HIV-1 disease progression as this genotype was found to be significantly associated with higher 

VL in individuals that have progressed to disease. The CCR5 SNPs did not demonstrate a 

marked effect in the DBN cohort as was reported in the JHB cohort (Koor et al., 2019). This 

finding of the CCR5 variants not impacting natural control in the DBN cohort raises several 

questions: (i) has the evolution of the HIV epidemic in KZN resulted in CCR5 expression levels 

not being an important factor? (ii) has the virus in KZN evolved to be less virulent, thereby 

resulting in the less stringent identification of individuals who naturally control HIV, i.e. a 

Controller identified in KZN may in fact not be identified as a Controller in JHB, and hence 

we do not see the same effect of these variants as they have been ‘diluted out’ so to speak and 

therefore much larger numbers of participants would be required to see the same effect? As 

already stated there is evidence that as the HIV-1 epidemic evolves as the virus accumulates 

escape mutants in critical epitopes associated with immune control thereby rendering it less 

virulent, resulting in protective HLA alleles no longer showing an association with slow disease 

progression as compared to previous older studies (Payne et al., 2014; Kløverpis et al., 2016).  

Thus one of the main objectives of the study, which was to determine whether these SNPs 

were having similar effects across cohorts so that cohorts could be combined and analysed as 

a larger            g,roup has revealed a more complex situation than was anticipated. The contributing 

factors for the observed differences might be attributed to ethnic differences, or epidemic 

dynamics, or a combination of both. Therefore, a careful consideration needs to be applied 

in future analyses going forward with regards to merging data across cohorts. Lastly, this 

study has confirmed that it is important to know the genetic backgrounds of the populations 

being studied, even within the same geographic location and that the relationship between 

the host and virus is a complex one that is not necessarily the same in a constantly evolving 

epidemic. 
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