CHAPTER 1: LITERATURE REVIEW
1.1 AFRICA  
Africa is the second largest continent with 54 independent countries which differ in geography, culture and languages. Africa is also the second most populous continent; it is home to approximately 1.3 billion people, equivalent to 17% of the total world population (United Nations, 2017).

1.1.1 ORIGINS OF MAN
Africa is thought to be the ancestral homeland of all modern humans (Tishkoff and Williams, 2002, Campbell and Tishkoff, 2010). According to the Recent African Origin (RAO) model of human evolution, commonly referred to as the “Out of Africa” model, all non-African populations are descendants of a Homo sapiens ancestor that evolved in Africa 100 to 200 thousand years before present (Tishkoff and Verrelli, 2003, Campbell and Tishkoff, 2010). This ancestor then expanded worldwide, replacing primitive Homo populations like the Neanderthals (Tishkoff and Williams, 2002). The first split between African and non-African populations is estimated to have happened from 44 to 200 thousand years before present (Ingman et al., 2000). There is archeological and genetic data to support the Recent African Origin model (Tishkoff and Williams, 2002, Ramsay, 2012). 
However, there are other theories of modern human evolution, including the multiregional and the assimilation models. According to the multiregional model, modern humans did not originate from one geographical region. It is thought that Homo erectus diverged from Africa into Europe and Asia ~ 800,000 -1.8 million years before present (Tishkoff and Williams, 2002). This was followed by independent transformations from Homo erectus to Homo sapiens in different regions (Tishkoff and Williams, 2002). In the assimilation model, there was gene flow between modern humans who migrated out of Africa and primitive populations outside Africa, thus making the modern gene pool a combination of contributions from African and non-African populations (Tishkoff and Williams, 2002).
Based on studies using mitochondrial and nuclear DNA markers, Africa has been shown to be the most genetically diverse region of the world (Tishkoff and Williams, 2002, Campbell and Tishkoff, 2008), with only a small proportion of this diversity occurring in non-Africans (Garrigan and Hammer, 2006).

1.1.2 LANGUAGES IN AFRICA
Africa contains diverse cultural, phenotypic, genetic and linguistic differences (Campbell and Tishkoff, 2008). There are currently 2,144 living languages in Africa, of which 48 are spoken in Southern Africa (Ethnologue, 2017). Most of these languages have been classified into four major macrofamilies, as shown in Figure 1.1 (Reed and Tishkoff, 2006).
· Niger-Kordofanian -spoken across a wide area of Africa, including parts of western, central, and southern Africa
· Afro-Asiatic- spoken predominantly in Saharan, northeastern and eastern Africa
· Nilo-Saharan - spoken predominantly in Sudanic, Saharan and eastern Africa 
· Khoeasan - spoken by San in southern Africa and by Hada and Sandawe in eastern Africa
People self-identify based on shared cultural, ethnicity and/or linguistic characteristics and then form population clusters. Admixture also occurs between ancestral populations. The West African Niger-Kordofanian speakers seem to be more genetically homogenous than other African populations (Campbell and Tishkoff, 2008).
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Figure 1.1: Map of African languages. 
Reproduced with permission from Elsevier Licensing Group (Reed and Tishkoff, 2006), Appendix A.
1.1.3 SOUTHERN AFRICA
The United Nations Statistics Division prepared  the “Standard Country or Area Codes for Statistical Use”, commonly referred to as the M49 standard, primarily for use in publications and databases (United Nations Statistics Division, 2017). Southern Africa is thus defined as a collection of the following countries; Lesotho, Botswana, Namibia, South Africa and Swaziland. Bantu-speakers are the predominant population group in Southern Africa.  They are a sub-group of the Niger-Kordofanian (NK) linguistic group (Campbell and Tishkoff, 2010). It is thought that they originated in West Africa, in the region between modern day Nigeria and Cameroon, approximately five thousand years ago, reaching South Africa ~1,500 to 1,000 years ago (Campbell and Tishkoff, 2010, Campbell and Tishkoff, 2008). They belong to the “S” group of Bantu speakers, comprised largely of Sotho -Tswana, Venda and Nguni languages (NUGL Online, 2009).

1.1.4 AFRICAN AMERICANS 
Millions of African Americans trace their most recent place of origin as Africa. Migration has existed throughout history, occurring within and between countries. One of the largest migration events in the recent history of humans was the millions of Africans who were brought as slaves to the Americas and Europe. This trans-Atlantic slave trade occurred from the 16th to the 19th century. Ancestors of most African Americans, approximately 8 million individuals, were forcibly removed from Africa and brought to the Americas and the Caribbean as slaves, mostly from the Atlantic coastal regions of West Africa (Reed and Tishkoff, 2006). Four million more people were removed from central Africa and about one million from Southern Africa and Madagascar (Salas et al., 2004).
In the Americas and the Caribbean, these individuals admixed with each other, as well as with people of European descent, resulting in a heterogonous genetic pool (Tishkoff and Williams, 2002). In a study by Tishkoff et al, genome-wide nuclear markers from different African populations were used to infer ancestry of African Americans (Tishkoff et al., 2009). They found substantial Niger-Kordofanian ancestry and ancestry from European-Middle Eastern population clusters in African Americans from Chicago, Baltimore, Pittsburg and North Carolina (Tishkoff et al., 2009). This is highly consistent with the history of the slave trade.

1.2 GENETIC STUDIES IN AFRICA
Genetic variation among persons and populations must be studied to enable us to better understand the different susceptibility to disease, the interactions between gene and environment and why people respond differently to pharmacological agents. Unfortunately, Africa has not been well represented in human genetic studies (Reed and Tishkoff, 2006). Very few of the approximately 2,000 ethno-linguistic groups in Africa have been included in genetic studies (Campbell and Tishkoff, 2008). The two most abundant sources of African genome data are the International HapMap Project and the 1000 Genomes Project, with some information available from the Human Genetic Diversity Project. The African populations sampled in most of these projects are mainly from western and central Africa, with an underrepresentation of populations residing in southern and north Africa. 

1.2.1 HUMAN GENETIC DIVERSITY PROJECT
The Human Genetic Diversity Project was a collaboration by scientists from Stanford University, who undertook a large collaborative study to understand genetic diversity in human populations. They analysed genomic DNA from 1,043 individuals representing 51 different populations from Africa, Europe, the Middle East, South and Central Asia, East Asia, Oceania and the Americas (Stanford Human Genome Center, 2007). The African populations included were the following: Bantu, Biaka, Mandeka, Mbuti pygmy, Mozabite, San and Yoruba (Stanford Human Genome Center, 2007). Unfortunately, they included a very small sample of only eight southern Bantu-speakers from South Africa (May et al., 2013).

1.2.2 INTERNATIONAL HAPMAP PROJECT
The International HapMap Project, was formed with the aim of developing a haplotype map (HapMap) of the human genome for the purpose of describing common patterns of human genetic variation. The HapMap initially included samples from four populations: Yoruba in Ibadan, Nigeria (YRI), Utah residents of northern and western European ancestry (CEU), Japanese in Tokyo, Japan (JPT) and Han Chinese individuals from Beijing China (CHB) (National Human Genome Research Institute, 2012). Subsequently, in phase III of the project, eleven global ancestry groups have been gathered, including a further two populations in Africa; Luhya in Webuye, Kenya (LWK) and Maasai in Kinyawa, Kenya (MKK). 


1.2.3 The 1000 GENOMES PROJECT
The 1000 Genomes project was formed with the aim of finding human genetic variations with frequencies of at least 1% in the studied populations (The International Genome Sample Resource, 2008). The objective of the project was to use next generation sequencing to sequence the entire genome of over 1,000 people in the world (with an initial goal of 2,500 individuals from 27 populations). Currently, the 1000 Genomes project has the largest public database of human variation and genotypic information (The International Genome Sample Resource, 2008). Ascertainment bias is expected to occur infrequently in this database (Genovese et al., 2013).

1.3 GENETIC STUDIES IN SUB-SAHARAN AFRICAN POPULATIONS
Genetic studies for both communicable and non-communicable diseases in Africa have utilized the HapMap reference data for Yoruba and Luhya populations to guide study design (May et al., 2013). However, in the past two to three thousand years, migration of populations has increased due to changes in climate, agricultural practices and animal husbandry (Ramsay, 2012, Campbell and Tishkoff, 2008). When people migrate, they take with them their genes, language, cultural practices, microbiota and pathogens. In addition, there is also admixture with different indigenous groups.

1.3.1 BLACK SOUTH AFRICANS
Principal component analysis (PCA) is a statistical method used to explore and analyze datasets with large numbers of measurements, where the measurements are reduced to a few principal components that explain the main patterns. It has been extensively used in the study of human migration, but it can also be used to detect population structure (Patterson et al., 2006).
In a study on black South Africans from Soweto, Johannesburg, South Africa, May et al used PCA to show that black Sowetans (BSO) clustered with other black African populations speaking the Niger-Kordofanian language (Yoruba, LWK and south eastern Bantu), while the Nilo-Saharan speaking Maasai appeared as a separate group (May et al., 2013). Using the same method, it was possible to clearly distinguish African populations from one another. African populations separated along a north-south gradient, clearly distinguishing black Sowetans from the more northern African groups (May et al., 2013). African populations are  homogenous when considered on a global scale, but on an intracontinental level, there is significant heterogeneity between western (YRI), central (LWK) and the southern (BSO) NK-speakers (May et al., 2013). As a result of this extensive genetic variation among Africans, there is not one African population that can be used to represent all the different populations on the continent (May et al., 2013, Tishkoff et al., 2009).

1.4 CHRONIC KIDNEY DISEASE
Chronic kidney disease (CKD) is defined as the presence of kidney damage and/or decreased level of kidney function for three months or more, irrespective of diagnosis. Chronic kidney disease can thus manifest either by structural or functional abnormalities of the kidney and/or a glomerular filtration rate (GFR) <60mL/min/1.73m2 for ≥3 months. The negative outcomes for patients with CKD include kidney failure, cardiovascular disease and premature death (Levey et al., 2007). 
Chronic kidney disease is classified into 5 stages based on the GFR, as shown in Table 1.1 (National Kidney Foundation, 2002). Stage 5 CKD (GFR <15 mL/min/1.73m2 or dialysis) is also known as end stage kidney disease (ESKD). The updated Kidney Disease Improving Global Outcomes (KDIGO) classification of CKD, which includes risk stratification of CKD based on GFR and level of albuminuria is included in Appendix B (Kidney Disease Improving Global Outcomes, 2013).

Table 1.1 Stages of Chronic Kidney Disease  
	Stage
	 Description
	GFR (mL/min/1.73m2)

	1
	Kidney damage with normal or ↑ GFR
	  ≥ 90


	2
	Kidney damage with mild ↓ GFR
	60-89

	3
	Moderate ↓ GFR

	30-59

	4
	Severely ↓ GFR

	15-29

	5
	Kidney failure

	< 15 or dialysis


[Source: (National Kidney Foundation, 2002)]

1.4.1 INCIDENCE AND PREVALENCE OF CHRONIC KIDNEY DISEASE 
In the United States general population, the overall prevalence of CKD for the period 2011-2014 was 14.8% (United States Renal Data System, 2016). Of the patients with CKD, approximately 40% had diabetes mellitus, while 32% had hypertension (United States Renal Data System, 2016). The life expectancy of individuals with more severe CKD is shorter than that for individuals with milder disease.
According to the United States Renal Data System of 2016, at the end of the 2014: 
· The unadjusted prevalence (crude proportion) of ESKD in the U.S population was 2,067 per million
· The ESKD prevalence was approximately 3.7 times greater in African Americans compared to whites
· The unadjusted (crude) incidence rate for incident ESKD cases was 370 per million/year 
· There has been a decline in the adjusted incidence rates of CKD for African Americans over a 20-year period; the adjusted ESKD incidence rate ratio for African Americans compared to whites was 3.1 in 2014, compared to a ratio of 3.8 in 2000. 
African Americans have a threefold increase in the incidence of ESKD attributed to hypertension (Lipkowitz et al., 2013). In all age groups, the incidence rate of ESKD with hypertension registered as the primary cause is dramatically higher among African Americans than among whites or Hispanics, though ascertainment bias among nephrologists cannot be excluded (United States Renal Data System, 2016). Nephrologist are more likely to attribute hypertension as the causative factor of CKD in persons of African descent than in whites.
The prevalence and aetiology of CKD and ESKD has not been accurately determined in African countries, including South Africa (Naicker, 2003). In sub-Saharan Africa, CKD affects young patients mainly, aged 20-50 years and is primarily due to hypertension and glomerular diseases (Naicker, 2003). In the South African Renal registry, which collects and publishes information on the treatment of patients with ESKD, the cause of ESKD was uncertain in 34% of cases, with 33.7% cases reported to having hypertensive renal disease (Davids et al., 2017).
1.5 HYPERTENSION
Hypertension is defined as a systolic and/or diastolic blood pressure ≥140/90 mmHg in adults ≥18 years (Cifu and Davis, 2017). It is one of the leading risk factors for death globally. In 2010, hypertension was estimated to have caused 9.4 million deaths (World Health Organization, 2014).  In 2014, the global prevalence of hypertension in adults ≥18 years was 22% (World Health Organization, 2014). Across the World Health Organization regions, the prevalence of hypertension was highest in Africa at 30% for all adults, with the lowest prevalence (18%) reported in the region of the Americas (World Health Organization, 2014). In Africa, Seychelles, Carbo Verde and Sao Tome have the highest prevalence of hypertension at 40%, 39% and 39%, respectively; Mali has the lowest prevalence at 16%, followed by Eritrea, Democratic Republic of Congo, Cameroon and Togo, all at 17% (World Health Organization Regional Office for Africa, 2015).    
In a population-based cross-sectional study performed at 6 sites in 4 sub-Saharan countries (Burkina Faso, Ghana, Kenya and South Africa), there was a difference in the prevalence of hypertension between these countries. For the entire cohort, the prevalence of hypertension was 33.3%, which was significantly higher in women (35%; 95% CI 33.7 to 36.2) compared to men (31%; 95% CI 30.0 to 32.6) (Gomez-Olive et al., 2017). South Africa had the highest prevalence, ranging from 41.6% to 54.1% (in 3 different sites), while Burkina Faso had the lowest at 15% (Gomez-Olive et al., 2017). The World Health Organization Study on Global Ageing and Adult Health study (WHO-SAGE) included 35,125 people aged ≥50 years from China, Ghana, India, Mexico, the Russian Federation and South Africa. Of all these countries, South Africa had the highest prevalence of hypertension at 77.9% (Lloyd-Sherlock et al., 2014). Systolic blood pressure in black South Africans was found to be 9.7 mmHg higher compared to African Americans (Cooper et al., 2015). Furthermore, resistant hypertension and target organ damage are more frequent in black South Africans compared to other racial groups (Rayner and Spence, 2017).

1.5.1 HYPERTENSION-ATTRIBUTED CKD
The diagnosis of hypertension-attributed CKD is often made on clinical grounds as kidney biopsy is not performed in most cases. The classical presentation of hypertension-attributed CKD includes the presence of an elevated blood pressure, no or mild proteinuria and other signs of target organ damage from the hypertension, such as left ventricular hypertrophy, retinal vascular changes and small kidneys on a renal ultrasound (Luke, 1999). Before a diagnosis of hypertension-attributed CKD can be made, all other causes of primary renal disease need to be excluded (Luke, 1999). In biopsies of patients with hypertension-attributed CKD, there can be associated secondary focal or global glomerulosclerotic lesions. The typical histological features of hypertensive nephrosclerosis include vascular wall medial thickening, intimal fibrosis, focal glomerular ischaemic changes with thickening and wrinkling of the basement membrane, tubular atrophy and interstitial fibrosis (Fogo et al., 1997, Tracy, 2011). 
There has been controversy as to whether untreated or inadequately treated, non-malignant hypertension causes hypertensive nephrosclerosis (Kopp, 2013). The “chicken-and-egg” phenomenon of hypertension and renal insufficiency has been a long standing discussion (Hsu, 2002). This is because hypertension can cause kidney disease and kidney disease can cause hypertension. 
In the Multiple Risk Factor Intervention trial (MRFIT), where a large cohort of men was followed up for 16 years, elevations of blood pressure were shown to be a strong independent risk factor for ESKD (Klag et al., 1996). There was a strong association between both elevated systolic and diastolic blood pressures and the development of ESKD. The relative risk of ESKD for men with stage 4 hypertension (systolic pressure ≥210 mmHg or diastolic pressure ≥120 mmHg) was 22.1 (P <0.001), compared to men with optimal blood pressure levels (systolic pressure <120 mmHg and diastolic <80 mmHg) (Klag et al., 1996). Unfortunately, no women were included in this study. 
Similarly, in a study by Alvestrand et al, there was a significant correlation between blood pressure and the rate of decline of renal function (Alvestrand et al., 1988). The rate of progression of CKD was approximately 50% lower in patients whose mean arterial pressure (MAP) decreased from 109 ± 2 mmHg to 102 ± 2 mmHg on antihypertensive agents (Alvestrand et al., 1988). In those whose MAP increased from 105 ± 2 mmHg to 108 ± 2 mmHg, there was no change in the rate of progression of CKD (Alvestrand et al., 1988). 
Proponents of the theory that non-malignant hypertension does not cause CKD argue that if non-malignant hypertension was the cause of kidney disease, then more effective treatment of hypertension would reduce the incidence of CKD. In the African American Study of Kidney Disease and Hypertension (AASK) trial, intensive control of blood pressure and the use of renoprotective renin-angiotensin system (RAS) inhibitors did not reduce progression of CKD (Wright et al., 2002). In this trial, participants were randomly assigned to either a MAP of 102 to 107 mmHg (usual BP target) or to a MAP of 92 mmHg or less (lower BP target). There was no difference in the mean (standard error) GFR decline between the lower and the usual BP groups throughout the study period (2.21 [0.17] vs 1.95 [0.17] ml/min/1.73m2 per year; P = 0.24 (Wright et al., 2002). In a meta-analysis of prospective controlled trials of treatment of hypertension, patients randomized to antihypertensive therapy did not have a significant reduction in the risk of developing renal dysfunction compared to controls (relative risk 0.97 (95% CI 0.79 – 1.21, P = 0.77) (Hsu, 2001). It is also postulated that there is a relationship between insulin-resistance and CKD, with suggestions that hypertensive nephrosclerosis could be linked more to an increased body mass index and insulin resistance than blood pressure (Kincaid-Smith, 2004).
As hypertension is one of the commonest causes of CKD, both in South Africa (Davids et al., 2017) and in the USA (United States Renal Data System, 2016), it is crucial  that studies addressing this large group of people continues, with meticulous attention paid to the clinical features of the participants. The diagnosis of hypertensive nephrosclerosis is commonly made on clinical grounds, thus there is concern that this diagnosis can be inaccurate. Furthermore, undiagnosed primary focal segmental glomerulosclerosis (FSGS) can be mislabelled as hypertension-attributed CKD, especially if there is late presentation with advanced CKD. This question of accuracy of the clinical diagnosis of hypertensive nephrosclerosis was addressed in participants of the AASK trial, where 39 patients who had had a clinical diagnosis of hypertensive nephrosclerosis underwent a kidney biopsy to assess the accuracy of the diagnosis (Fogo et al., 1997). In this series, kidney biopsies in 38 participants revealed arteriosclerosis and/or arteriolosclerosis and one biopsy showed ESKD. Of the whole cohort, only one case had clinical and morphologic findings consistent with idiopathic FSGS (proteinuria of 3g/24h and GFR of 56 ml/min/1.73m2). These results confirmed that in nondiabetic hypertensive African Americans with renal insufficiency of mild to moderate severity and non-nephrotic ranges of proteinuria, kidney biopsies are most likely to show morphological lesions consistent with hypertensive nephrosclerosis (Fogo et al., 1997). 



1.6. POPULATION GENETICS 
Single nucleotide polymorphisms (SNPs) occur when there are errors in germline DNA replication at a specific nucleotide position, which is then transmitted to subsequent generations. They are one of the most frequent mutations (Rosset et al., 2011). 
Mapping by admixture linkage disequilibrium (MALD) is a subtype of genome-wide association studies (GWAS), where samples with a limited size and fewer markers are used to infer large regions of genomic association (Rosset et al., 2011). It is particularly useful for diseases or traits that show differences in risk based on ancestry and which occur in populations where there has been recent admixture between ancestral population groups. If a certain gene which causes a specific disease is found more commonly in one ancestral population, the section of the chromosome that contains the disease allele should be found more frequently in cases relative to controls (Winkler et al., 2010). Mapping by admixture linkage disequilibrium has been used for mapping of genes of African Americans who trace their ancestry to West Africans and Europeans (Shriner et al., 2011).

1.7 NON-MUSCLE MYOSIN HEAVY CHAIN 9 GENE
Persons of African descent have higher rates of kidney disease and progress faster to ESKD. To identify risk alleles associated with FSGS, human immunodeficiency virus associated nephropathy (HIVAN) and ESKD among African Americans, genome-wide admixture scans were used by two groups of investigators.
The first group performed a genome-wide admixture scan on 1,372 ESKD cases and 806 controls with normal serum creatinine levels and no albuminuria (Kao et al., 2008). Diabetic nephropathy was the cause of ESKD in 51% of the cases, with the rest labelled as having nondiabetic ESKD. In the subgroup with nondiabetic ESKD, hypertension was the cause of ESKD in the majority of these cases (Kao et al., 2008). 
The initial admixture scan was performed on all the participants (1,372 ESKD cases and 806 controls) using 1,354 ancestry informative markers. This scan revealed a suggestive but non-significant association with ESKD, based on a genome-wide lod score of 1.67 (with values greater than two considered significant) (Kao et al., 2008). In a subgroup analysis, the admixture scan was performed in the diabetic (n = 703) and nondiabetic (n = 669) ESKD groups, using the same controls. In the diabetic ESKD scan, there were no genome-wide significant associations observed, with a genome-wide score of 0.47. In the nondiabetic ESKD group, a highly significant genome-wide score of 5.70 was detected, with the peak genome-wide lod score of 8.56 detected on chromosome 22 (Kao et al., 2008).
A region on chromosome 22, with 22 genes was identified as the position where the genetic variants associated with the increased risk for nondiabetic ESKD in African Americans were likely to be found, as depicted in Figure 1.2 (Kao et al., 2008). Non-muscle myosin heavy chain 9 gene (MYH9) gene was chosen as the most probable candidate gene, both from a positional and functional perspective (Kopp et al., 2008). Mutations in MYH9 were already known to be significant in other kidney diseases like Epstein syndrome, which is an autosomal dominant disease characterized by nephritis, mild hearing loss and thrombocytopenia with giant platelets (Seri et al., 2002).
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Figure 1.2 Region of association with nondiabetic ESKD on chromosome 22. The peak lod score was 9.31, and the 95% CI spanned from 31.388650 to 35.039798 Mb, covering 22 genes. Reproduced with permission from the Nature Publishing Group© (Kao et al., 2008), Appendix C. 

Fourteen SNPs in the MYH9 gene which had high allele frequency differences between European ancestry samples from Utah and the samples with African ancestry from Yoruba in the International HapMap dataset were genotyped (Kao et al., 2008). There were highly significant associations between all these SNPs and nondiabetic ESKD, with very low probability values of 3.63 x 10-15 when using a recessive genetic model. There was no association between any these SNPs and diabetic ESKD, with the lowest P value of 0.03 for rs16996677 (Kao et al., 2008).

African Americans have the greatest risk of ESKD due to primary FSGS, with a fourfold greater risk than white or Asian individuals (Kitiyakara et al., 2004). They are also highly predisposed to HIV-associated kidney diseases, with an 18 to 50-fold risk of HIV-1-associated FSGS (Kopp and Winkler, 2003). Another group of investigators performed a MALD scan of 1,272 SNPs on 190 African American FSGS cases and 222 African American controls matched for age, sex and HIV-1 infection status (Kopp et al., 2008). A genome wide lod score of 9.2 was detected, with a single prominent peak with a lod score of 12.4 also located on chromosome 22. The tip of this MALD peak was found at rs735853, which is found at an intron nearby the 3’ end of the MYH9 gene (Kopp et al., 2008).  
Twenty MYH9 SNPs were selected for association testing with FSGS cases. Nine SNPs within MYH9 were found to be strongly associated with FSGS (OR = 1.76-2.96; 0.0004 ≥ P ≥ 1 x 10-7 (Kopp et al., 2008). In a subgroup analysis, 11 and 8 MYH9 SNPs were found to be strongly associated with idiopathic FSGS and HIV-1-associated FSGS, respectively; OR 3.5-6.7, P < 0.0005 (Kopp et al., 2008). 
Freedman et al genotyped DNA from 871 non-diabetic ESKD cases (of whom, 696 individuals were clinically diagnosed to have hypertensive ESKD) and 948 unrelated non-renal disease controls (Freedman et al., 2009). All participants were African Americans born in the southeastern USA. This region has the highest differences in the rates of hypertensive ESKD between African Americans and European Americans (Freedman et al., 2009). A total of 15 MYH9 SNPs were evaluated. Fourteen of the 15 SNPs showed significant associations with ESKD in all 871 patients with nondiabetic ESKD (Freedman et al., 2009). In a subset analysis of 434 cases with hypertensive ESKD, there were significant SNP associations (P values ranged from 0.05 to 9.1 X 10 -11 recessive; admixture adjusted OR 1.35-3.23), thus further corroborating the association of MYH9 with ESKD attributed to essential hypertension in African Americans (Freedman et al., 2009).
The MYH9 gene encodes nonmuscle myosin heavy chain IIA (Kopp et al., 2008). Nonmuscle myosin heavy chain IIA is a cytoskeletal nanomotor protein which is present in many types of cells (Tzur et al., 2010) and is involved in motility, adhesion and intracellular trafficking (Nelson et al., 2010). In the kidney, it can be found in the podocytes of the renal glomerulus (Tzur et al., 2010).  
Fine mapping of the MYH9 gene was done to further understand the region of SNP association and to isolate the causal alleles or sequence variations (Nelson et al., 2010, Winkler et al., 2010).  This was done in a large group of African American CKD cases with biopsy proven HIVAN, biopsy proven FSGS and those with hypertension-attributed ESKD, diseases which had been shown to have the highest association with MYH9. The entire MYH9 gene was included in the area for fine mapping (Chr 22 coordinates 35007272 to 35113927, 106.5 kb, Build 36.3) (Nelson et al., 2010).  There was also resequencing of 40 HIVAN and FSGS cases and controls. Unfortunately, there were no functional mutations identified (Winkler et al., 2010, Nelson et al., 2010). The highly associated MYH9 SNPs were located in the noncoding sections of MYH9 (Rosset et al., 2011).

1.8 APOLIPOPROTEIN L1 GENE
As no functional mutations were identified on the MYH9 gene, researchers began to investigate the region surrounding MYH9 and the neighboring apolipoprotein L1 (APOL1) gene. At this stage, the more detailed and extensive 1000 Genomes Project database had been released. Tzur et al performed an analysis of whole genome sequences, consisting of 60 individuals of European origin and 59 of West African origin (Tzur et al., 2010). After applying filtering criteria to identify candidates for further consideration, 250 variants remained from an initial number of 7,479 SNPs in the interval on chromosome 22 surrounding MYH9. Four of these SNPs were coding region nonsynonymous mutations (Tzur et al., 2010). It is worthwhile to note that none of these four SNPs were reported in the HapMap database, which had been used prior to the release of the 1000 Genomes Project database (Tzur et al., 2010). Two of these SNPs were missense mutations in the last exon of the APOL1 gene, rs73885319 and rs60910145, which result in the amino acid substitution Ser342Gly and Ile384Met, respectively (Tzur et al., 2010). The third SNP identified was rs11089781, which is a nonsense mutation (Q58X) in the APOL3 gene. Rs56767103, a missense mutation (R71C) in the gene FOXRED2 was the fourth SNP identified. Apolipoprotein L1 is located at the 3’end of MYH9 and is its closest neighbor (Tzur et al., 2010).
Genotyping of these four variants was performed in a sample set of 955 participants of African American and Hispanic American origin (Tzur et al., 2010). The APOL1 variants rs73885319 and rs60910145 were found to be more strongly associated with ESKD compared to the MYH9 risk variants (Tzur et al., 2010). These missense mutations were found in 21% of African American controls compared to 37% of cases with nondiabetic ESKD. Eighteen percent of African American participants with nondiabetic ESKD were homozygous for these risk alleles compared to 3% of controls. In contrast, 11% percent of Hispanic American cases were found to be homozygous for the high-risk alleles compared to 0.5% of controls. Non-muscle myosin heavy chain 9 gene and APOL1 are in linkage disequilibrium (LD) (Tzur et al., 2010, Genovese et al., 2010). It is possible that LD with the APOL1 SNPs was responsible for most of the significant associations with ESKD previously attributed to MYH9 (Tzur et al., 2010).
Genovese et al also performed an association analysis comparing 205 African Americans with biopsy-proven FSGS with 180 African American controls using data from the 1000 Genomes Project (Genovese et al., 2010). A region in the last exon of APOL1 was the area where the strongest genetic associations with FSGS were located. A two-locus allele, referred to as G1, consisting of the two nonsynonymous coding variants rs73885319 and rs60910145 was where the strongest signal was obtained. The G1 allele was found more frequently in FSGS cases (52%) compared to controls (18%) (P = 1.07 x 10-23) (Genovese et al., 2010). 
After controlling for G1 using logistic regression, another strong signal was detected, which was a 6 base pair deletion rs71785313, referred to as G2. This resulted in an Asn388–Tyr389del protein change (Genovese et al., 2013). Allele G2, which is in close proximity to G1, was present in 23% of FSGS cases and 15% of controls. Logistic regression controlling for both G1 and G2 was done and no further significant associations were observed. Furthermore, the APOL1 signal remained significant after controlling for MYH9 (Genovese et al., 2010). When comparing participants with zero or one risk allele to those with two risk alleles, the odds ratio for FSGS was 10.5 (95% CI 6.0-18.4), favoring a recessive mode of inheritance (Genovese et al., 2010).
A cohort of 1,030 African Americans with hypertensive ESKD and 1,025 African American controls was used to test for associations of APOL1 variants and renal disease (Genovese et al., 2010). In this cohort, 36 variants, as well as the APOL1 G1 and G2 and the MYH9 SNPs were chosen for testing. The strongest signal was with rs73885319, P = 1.1 x10-39 (Genovese et al., 2010). After controlling for rs73885319, rs71785313 emerged as the strongest signal, P = 8.8 x 10-18 (Genovese et al., 2010). After controlling for both G1 and G2, there were no further significant associations observed.
The presence of one risk allele was associated with a small increase in the risk of renal disease (OR = 1.26, CI 1.01 to 1.56) (Genovese et al., 2010).  When comparing two risk alleles versus zero risk alleles, the odds ratio was 7.3 (CI 5.6 to 9.5) and for two risk alleles versus one risk allele, the odds ratio was 5.8 (CI 4.5 to 7.5) (Genovese et al., 2010). The presence of the missense mutations on one parental allele results in an increased risk of nondiabetic kidney disease, which becomes even higher when these mutations are present on both parental alleles.

1.8.1 POPULATION-BASED STUDIES ON APOL1 ASSOCIATED KIDNEY DISEASE
Case-control studies are prone to bias, particularly selection bias. The studies that had shown strong associations of APOL1 risk alleles with various forms of kidney disease selected patients with advanced kidney disease in a case-control design. There was thus a concern that there could have been an overestimation of the risk associated with these APOL1 risk variants (Kruzel-Davila et al., 2016). Population based studies were thus essential to verify these results. 
The Dallas Heart Study was a population based study which enrolled > 3,500 participants from multiple ethnic groups in the USA (Friedman et al., 2011). The mean (± SD) age of the participants was 44.8 (± 10) years. There was a higher prevalence of hypertension among African Americans compared to Europeans (41.5% vs 20.1%). The rates of eGFR < 60 ml/min/1.73m2 among African Americans were similar to those in Europeans (2.8% vs 2%; P = 0.82 to 0.85) (Friedman et al., 2011). High risk APOL1 risk variants were genotyped in 1,825 African Americans and in 1,042 nonblack participants. A total of 22.5 % of all chromosomes in African Americans carried the G1 risk allele, 14.6% carried the G2 risk allele, while 13% carried two risk alleles (Friedman et al., 2011). There was an association of the G1 and G2 APOL1 variants with a moderate increase in the risk of albuminuria (odds ratio = 1.5 per each additional allele; P = 0.01 and 0.02, respectively) (Friedman et al., 2011). This was more so in non-diabetic subjects where albuminuria was present in 2.3% of Europeans, 6% of African Americans with no/one risk allele and 16.5% of African Americans with two risk alleles. One and a half percent of Europeans, 1.7% of  African Americans with no/one risk allele and 6.7% of  African Americans with two risk allele had an eGFR < 60 ml/min/1.73m2  (Friedman et al., 2011). There was a 3-fold increase in the risk of albuminuria and a 4-fold increase in the risk of CKD in non-diabetic African Americans with two APOL1 risk alleles (Friedman et al., 2011). This population-based study thus provided further evidence for the association of the APOL1 risk variants with nondiabetic CKD.

1.8.2 APOL1 ASSOCIATIONS WITH HYPERTENSION-ATTRIBUTED CKD
As part of the AASK trial, the effects of the APOL1 risk variants on the progression of CKD were examined in nondiabetic black patients with hypertension-attributed CKD (Parsa et al., 2013). A total of 693 participants were included, of which 160 (23.1%) had 2 copies of the APOL1 high risk variants. Participants with 2 copies of the high risk variants had the lowest mean GFR (44 ml/min/1.73 m2; P = 0.01) and the highest prevalence of proteinuria at baseline (48.1%; P < 0.001) (Parsa et al., 2013). Over a median follow-up of 9 years, 58.1% of participants with 2 high risk alleles reached the composite renal outcome (ESKD or at least a 50% reduction in GFR from baseline) (Parsa et al., 2013). Using a recessive genetic model, the hazard ratio for the composite renal outcome in the APOL1 high risk group, in comparison to the low risk group, was 1.88; P < 0.001 (Parsa et al., 2013). Mean blood pressure levels in the APOL1 high risk group were similar to those in the low risk group throughout the whole study period.
In the Chronic Renal Insufficiency Cohort (CRIC), 2, 955 patients with CKD, of whom 48% were black and 45.5% had diabetes mellitus were evaluated (Parsa et al., 2013). A subgroup analysis done in the diabetic group revealed a more rapid decline in kidney function among black patients with high-risk APOL1 risk variants than among white patients and black patients with the low-risk APOL1 risk variants (Parsa et al., 2013). It is important to note that the initial case-control studies on APOL1 gene variants showed no association between the APOL1 risk variants and kidney disease in diabetic patients (Genovese et al., 2010, Tzur et al., 2010). It is postulated that the association between APOL1 risk variants and kidney disease in diabetics demonstrated in the CRIC trial is due to underlying APOL1-asociated nephropathies in diabetics and does not represent diabetic nephropathy (Kruzel-Davila et al., 2016). 
Lipkowitz et al evaluated the rate of decline of measured iothalamate GFR in African Americans with clinically diagnosed hypertension-attributed CKD, who were part of the AASK cohort and who had subnephrotic or no proteinuria and a measured iothalamate GFR < 65 ml/min/1.73 m2 at baseline (Lipkowitz et al., 2013). Controls were African Americans with normal renal function, some of whom were hypertensive. A total of 675 cases and 618 controls were included in the study. The G1 SNPs were associated with a 3.5 fold increased risk for CKD and there were no significant associations for G2, though the G2 SNPs were present at lower allele frequencies (Lipkowitz et al., 2013). The APOL1 G1 and combined G1-G2 associations were stronger than the MYH9 SNP associations and were more robust in participants with progressive decline in kidney function and in those with higher levels of proteinuria at baseline (Lipkowitz et al., 2013). 

1.8.3 APOL1, MORTALITY AND BLOOD PRESSURE CONTROL
To evaluate the association between APOL1 status and the risk of death, Ku et al performed a retrospective analysis of the AASK trial participants (Ku et al., 2017). These participants were black African Americans with CKD, randomized to strict (mean arterial pressure [MAP] ≤ 92 mmHg) versus usual (MAP 102-107 mmHg) blood pressure control. There were 682 participants, 157 of whom had the high risk genotypes. The follow up period, from randomization to death, was of 14.5 (IQR 11.4 to 15.9) years. There were 276 deaths in total, with 62 in the APOL1 high-risk group and 214 in the APOL1 low-risk group (Ku et al., 2017). There was no statistically significant difference in the risk of death between participants with APOL1 high risk genotypes compared to participants with APOL1 low risk genotypes (unadjusted hazard ratio 1.00 [95% CI 0.76 to 1.33]) (Ku et al., 2017).
A further objective was to determine whether APOL1 status modifies the association between strict versus usual blood pressure control and mortality risk; there was a statistically significant lower risk of death in APOL1 high risk participants who had been assigned to strict blood pressure control compared to those whose blood pressure had been controlled to the usual targets (unadjusted HR 0.58 [95% CI 0.35 to 0.97]) (Ku et al., 2017). In the APOL1 low-risk participants, there was no difference in risk of death by blood pressure arm assignment (unadjusted HR 1.09 [95% CI 0.84 to 1.43]) (Ku et al., 2017).

1.8.4 APOL1 AND AGE AT HEMODIALYSIS INITIATION
The Accelerated Mortality on Renal Replacement (ArMORR) study enrolled 10, 044 African American participants with nondiabetic ESKD from chronic hemodialysis centers in the USA. Blood samples from 407 of these participants were genotyped for APOL1 risk variants to test the hypothesis that those with two risk alleles would progress to ESKD at a younger age (Kanji et al., 2011). For the whole group, the mean age at commencement of hemodialysis was 55.2 ± 17.1 years. The mean age at dialysis initiation was lower for those with two copies of the G1 risk allele (mean age of 49 ± 14.9 years) compared to those with one copy (55.9 ± 16.7 years, P = 0.014) and those who did not have any of these risk alleles (61.8 ± 17.1, P = 6.2 x10-7) (Kanji et al., 2011). Participants with two copies of the G1 risk allele commenced renal replacement therapy approximately 10 years earlier than those without these high risk alleles, while those with one copy of the G1 allele initiated hemodialysis approximately 6 years earlier (Kanji et al., 2011). In similar study, Tzur et al tested APOL1 associations and age of initiation of hemodialysis in 955 African Americans and Hispanic Americans (Tzur et al., 2012). African American patients with nondiabetic ESKD with two APOL1 risk alleles initiated hemodialysis at a mean age > 9 years earlier compared to those without APOL1 risk alleles (P = 0.0003) (Tzur et al., 2012).

 1.9 FAMILIAL CLUSTERING OF CKD
A family history of kidney disease is considered to be one of the strongest risk factors for CKD. To evaluate the genetic risk factors for kidney disease, Freedman et al studied the prevalence of ESKD in first- and second degree relatives of incident dialysis patients (Freedman et al., 1997). Fourteen percent and 16% of Caucasian men and Caucasian women, respectively reported a positive family history of ESKD compared to 23.9% of African American women (P = 0.001) (Freedman et al., 1997). In a larger population-based study on familial aggregation of kidney disease, incident dialysis patients were required to complete a questionnaire on family history of ESKD (in first-degree or second-degree relatives) (Freedman et al., 2005). Of the eligible patients, 22.8% reported having a family member with ESKD, which was positively associated with female gender and younger age at onset of ESKD and was negatively associated with white race (Freedman et al., 2005). In a community-based assessment of familial clustering of ESKD conducted on incident dialysis patients, 20% reported a family history of ESKD (Song et al., 2009). Bergmann et al assessed first-degree relatives of 40 dialysis patients with hypertension-attributed ESKD (Bergman et al., 1996). There was hypertension in all 40 families studied, with evidence of renal disease present in 47% of these families (Bergman et al., 1996).

1.9.1 APOL1 VARIANTS IN FIRST-DEGREE RELATIVES OF PATIENTS WITH NON-DIABETIC KIDNEY DISEASE
The possibility that APOL1 gene variants could contribute to the increased incidence of kidney disease in relatives of African Americans with CKD was investigated in first-degree relatives of African American patients with non-diabetic ESKD, with the aim of assessing the relationship between different kidney disease phenotypes and APOL1 variants (Freedman et al., 2012). The study included 786 relatives from 470 families. Of the genotyped relatives, 23.1% possessed two APOL1 risk variants, 46.7% possessed one APOL1 risk variant and 30.2% possessed zero APOL1 risk variant (Freedman et al., 2012). This is in comparison to the frequency of 12% and 39% for two and one APOL1 risk variants, respectively in the general African American population (Genovese et al., 2010). However, there was no difference in albuminuria levels or eGFR in the first-degree relatives regardless of the presence of two or fewer APOL1 risk variants. Mean (standard deviation) urine albumin to creatinine ratio (ACR) was 45.5 (257.4) mg/g in those with less than two APOL1 risk variants compared to 58.4 (172.8) mg/g in those with two risk variants (P = 0.1006) (Freedman et al., 2012).  Kidney disease (eGFR < 60ml/min/1.73 m2   and/or urine ACR ≥ 30mg/dl) was present in 22.9% of relatives with two APOL1 variants compared to 21.1% of those with less than two risk variants (P = 0.63) (Freedman et al., 2012). This indicates that most of the relatives with two APOL1 risk variants (77.1%) had normal renal function (normal eGFR and normal urine ACR). Subclinical nephropathy was detected in 23% of these relatives (Freedman et al., 2012). 

1.10 POPULATION GENETICS OF APOL1 IN POPULATIONS IN AFRICA
The frequency of APOL1 in African Americans from the Mid-Atlantic United States has been reported to be 22.1% for G1G, 22% for G1M and 13.4% for G2 (Kopp et al., 2011). In surveys of Africa Americans in Mid-Atlantic USA, Southwest USA and New York, the G1 and G2 variants were present in 20-22% and in 13-15% of chromosomes, respectively, with 10-15% of African Americans carrying two APOL1 risk variants (Limou et al., 2014). However, the frequencies of the APOL1 variants vary among different populations in Africa (Limou et al., 2014).  

1.10.1 WEST AFRICA
The Asante of Ghana (Tzur et al., 2012) and the Yoruba of Nigeria (Ko et al., 2013) have the highest frequencies of the G1 and G2 alleles, at more 40% for G1 and 6-17% for G2. This is followed by the Igbo of Nigeria at 30% for G1 and 24% for G2 (Ulasi et al., 2013). 

1.10.2 CENTRAL AFRICA
In Cameroon, there are differences in the population frequencies of the APOL1 risk alleles, with the Somie having frequencies of 16% for the G1 allele and 12% for the G2 allele (Tzur et al., 2012), while the Fulani have no G1 alleles and have a frequency of 8% for G2 (Ko et al., 2013). The Mbuti people of the Democratic Republic of Congo also lack G1 alleles and have a frequency of  4%  for G2 alleles (Kopp et al., 2011).

1.10.3 EAST AFRICA
There is complete absence of both the G1 and the G2 risk variants in the Amhara, Afar and the Maale of Ethiopia (Tzur et al., 2012), with frequencies of 2% for both G1 and G2 alleles in the Annuak of Ethiopia (Behar et al., 2011). The frequencies of G1 and G2 risk alleles in the Luhya of Kenya are 5% and 7%, respectively (Kopp et al., 2011).

1.10.4 SOUTHERN AFRICA
The G1 and G2 risk alleles are absent in the San people of Namibia, with frequencies of 7% for G1 and 21% for G2 in the Bantu people of South Africa (Kopp et al., 2011). In a study by Kasembeli et al in black South Africans, population allele frequencies were 7.3% for the G1 risk allele rs73885319 and 11.1% for the G2 deletion allele, while 1.9% of population controls carried two APOL1 risk alleles (Kasembeli et al., 2015).

1.10.5 SUB-SAHARAN AFRICA
These APOL1 variants are reported to have arisen on the sub-Saharan chromosomes in the last 4,000 years (Friedman and Pollak, 2011). This most likely occurred in West Africa and they possibly provide a selective advantage against trypanosomiasis in Africa (Genovese et al., 2010). 

1.10.6 REST OF THE WORLD
These variants are absent in European, Japanese or Chinese individuals and are found globally only in persons of recent African ancestry (Limou et al., 2014). There has been a report of the absence of APOL1 G1 and G2 risk variants in Indian patients with CKD (Yadav et al., 2016) and in Australian Aboriginal people (Hoy et al., 2017). 
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1.11 STUDIES OF APOL1 HIGH RISK VARIANTS IN AFRICA
Table 1.2 African Studies of APOL1 related kidney diseases
	Country and Reference
	Population and (N)
	Participants
	Outcome

	Ethiopia (Behar et al., 2011)
	Ethiopian ancestry (338)
	HIV infected individuals with HIVAN*
	G1 and G2 variants found in 0 and 2 (heterozygous state) participants, respectively.
Frequency of APOL1 variants is similar to those of the general Ethiopian population.



	Nigeria (Tayo et al., 2013)

	Yoruba, Nigeria
(166)
	Nondiabetic CKD#

	There were significant associations for G1 risk alleles (odds ratio: 3.85 and 3.12 for r273885319 and rs60910145, respectively, recessive genetic mode of association).

	Nigeria (Ulasi et al., 2013)

	Igbo, Nigeria
(87)
	

	Nondiabetic CKD╪
	In individuals with CKD, two APOL1 risk alleles were present in 66% of the participants.
Two risk alleles significantly associated with CKD, (odds ratio of 6.4, unadjusted P = 1.24E-4).

	South Africa (Kasembeli et al., 2015)
	Black South Africans
(228)

	Biopsy proven HIVAN, HIV- positive CKD and HIV negative CKD
	79% of patients with HIVAN possessed two risk alleles compared to 2% of population controls.
Carrying two APOL1 risk alleles resulted in an 89-fold higher odds (95% CI 18 to 918; P <0.001) of developing HIVAN compared to HIV positive controls.


	South Africa (Matsha et al., 2015)
	South Africans of Mixed ancestry (859)
	General population
	The frequency of the APOL1 two risk alleles was 1%  
Presence of two risk alleles decreased eGFR and the G1 risk allele showed a borderline association with prevalent CKD, P = 0.047.



*HIVAN based on serum creatinine > 1.4 g/dl or proteinuria > 30 mg/dl, of which 3 (0.8%) had evidence of renal impairment.
# Included non-diabetic patients with CKD attributed to hypertension, CKD associated with proteinuria (≥ 2g/g) in the absence of HIV infection or CKD associated with HIV infection.
╪ Included non-diabetic patients with CKD based on a creatinine ≥ 170 mmol/l or a normal serum creatinine but dipsticks proteinuria ≥ 2+.  HIV positive patients meeting the above criteria were also included. 

1.12 AFRICAN TRYPANOSOMIASIS
African trypanosomiasis, also known as "sleeping sickness,” occurs in sub-Saharan Africa and can lead to death if not treated. It is caused by flagellated protozoan parasites of the species Trypanosoma brucei (Brun et al., 2010). African trypanosomes are single cell eukaryotes, from the order Kinetoplastida, which live in the bloodstream and tissues of their host (Samanovic et al., 2009) and are only found in Africa (Genovese et al., 2010). These parasites are transmitted by tsetse flies (Glossina species), which are found in the woodlands in east Africa and in forests and along streams in central and west Africa (Brun et al., 2010).
Trypanosome brucei evolved into three subspecies: Trypanosome brucei rhodesiense and Trypanosome brucei gambiense, which both infect man and Trypanosome brucei brucei which infects domestic and wild animals (Brun et al., 2010). T. b. rhodesiense is predominantly found in east and south-eastern Africa, whereas T. b gambiense is predominantly found in west Africa, though some overlap is possible, as shown in Figure 1.3 (Brun et al., 2010).
The west African sleeping sickness, caused by T. b gambiense is the most common form, responsible for more than 95% of human infections, while the east African sleeping sickness accounts for the rest (Centers for Disease Control and Prevention, 2016). Infections predominantly occur in the Democratic Republic of Congo, Angola, Sudan, Central African Republic, Chad, and northern Uganda (Centers for Disease Control and Prevention, 2016). 
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Figure 1.3 Distribution of Human African Trypanosomiasis
Reproduced with permission obtained from the Elsevier Licensing Group (Brun et al., 2010), Appendix D.



1.13 TRYPANOSOME LYTIC FACTORS
Trypanosome lytic factors (TLF) are a subset of high density lipoproteins (HDL) which are protective against infection by most species of the African trypanosome (Samanovic et al., 2009). Humans are resistant to T. b. brucei infection because they have serum lytic factors which lyse the invading trypanosome (Raper et al., 1999). T. b. rhodesiense and  T. b gambiense are able to infect humans and cause sleeping sickness because they are resistant to lysis by human sera (Raper et al., 1999). Trypanosome lytic factor has also been shown to be cytotoxic against Leishmania (Samanovic et al., 2009).
There are two trypanosome lytic factors in human sera: TLF1 and TLF2 (Raper et al., 1999). Trypanosome lytic factor 1 is a lipoprotein particle that contains apolipoprotein A1, apolipoprotein AII, haptoglobin-related protein (Hpr), paraoxonase, and apolipoprotein L1 (APOL1), while TLF2 contains mainly immunoglobulin M, apolipoprotein A1, APOL1 and Hpr (Raper et al., 1999, Molina-Portela Mdel et al., 2005). Apolipoprotein L1 is the main trypanolytic component of human trypanosome lytic factor (Vanhamme et al., 2003).
Apolipoprotein L1 is associated with HDL and consists of three structural and functional domains (Vanhollebeke and Pays, 2006), as shown in Figure 1.4, adapted from (Cooper et al., 2017) :
· An ionic pore-forming domain: involved in organellar permeation and cell death
· A membrane addressing domain, which consists of a pH-sensitive hairpin which bridges two alpha helices: facilitates association with HDL at neutral pH
· A carboxy-terminus alpha helix with a leucine zipper: for protein to protein interactions
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Figure 1.4. Schematic of G1 and G2 polymorphisms in human apolipoprotein L1.

Adapted from (Cooper et al., 2017). Unrestricted use permitted under the terms of the Creative Commons Attribution license (Appendix E) 
Apolipoprotein-L1 (APOL1) is a 398-amino acid protein consisting of a cleavable N-terminal signal peptide, a pore-forming domain, a membrane-addressing domain, and a serum resistance-associated (SRA)-interacting domain. The polymorphisms that characterize the G1 and G2 renal risk variants are located in the SRA-interacting domain, the target site for binding of the SRA protein expressed by the human-infective T.b.rhodesiense parasite, which results in loss of APOL1 lytic function. The location of the critical binding region (residues 370–392) for this interaction is indicated by a helical graphic. G1 consists of two missense SNPs rs73885319 (p.Ser342Gly) and rs60910145 (p.Ile384Met) while the G2 polymorphism, rs71785313 (p.Asn388_Tyr389del), is found on an alternative APOL1 haplotype, and represents an in-frame two amino acid deletion.



T. b. brucei is able to take up this complex in a receptor dependant process through the binding of the Hpr-haemoglobin (Hb) complex component of TLF by the trypanosome haptoglobin-Hb receptor (HpHbR) (Vanhollebeke et al., 2008). Once the TLF has attached to HpHbR, the TLF/APOL1 moves to the lysosome, where an acidic pH causes a conformational change triggering the insertion of APOL1 into the endosomal/ lysosomal membrane (Vanhollebeke et al., 2008). In this position, APOL1 is able to form a pore, resulting in membrane depolarisation, osmotic swelling and rupture and eventually death of the trypanosome (Friedman and Pollak, 2011).
Normal sera from humans is unable to kill T. b. rhodesiense and T. b gambiense (Lecordier et al., 2009). This is due to the presence of a serum resistance-associated protein (SRA) which binds and inactivates APOL1 in the endosomal and lysosomal compartments, allowing the trypanosomes to continue to proliferate even though APOL1 is present (Vanhamme et al., 2003). The SRA is a lysosomal protein, with an amino-terminal alpha helix which interacts with the C-terminal alpha helix of APOL1, thus inactivating it, with subsequent loss of its trypanolytic function (Vanhamme et al., 2003, Cooper et al., 2017). Sera from patients with the G1 or G2 APOL1 risk variants are able to avoid neutralization by the SRA, thus they remain able to perform the trypanolytic activity (Genovese et al., 2013).





1.14 TRYPANOLYTIC FACTOR AND KIDNEY DISEASE 
As discussed previously, T. b. rhodesiense, is able to cause infections in humans because of the presence of a serum resistance virulence factor which inhibits the trypanolytic activity of APOL1 (Vanhamme et al., 2003). The I384M G1 variant and the 6-bp G2 variant are located at the SRA binding site in the APOL1 carboxyl-terminal helix (Genovese et al., 2010, Cooper et al., 2017). 
In an in vitro study to assess the lytic potential of human plasma, T. b. brucei was effectively lysed by all 75 samples, while none of the samples were able to lyse T. b. gambiense, (Genovese et al., 2010). Forty-six samples from participants with at least one G1 or G2 allele successfully lysed T. b. rhodesiense, with the lytic potential against T. b. rhodesiense being more effective for G2 than for G1 (Genovese et al., 2010). In the presence of the G2 mutation, lysis of T. b. rhodesiense occurred as the SRA was not able to bind to APOL1 (Genovese et al., 2010). 
It is postulated that the protective effect against T. b. rhodesiense is consistent with a heterozygous advantage model, whereas the association with kidney disease risk is recessive (Genovese et al., 2010, Kruzel-Davila et al., 2016). This indicates that individuals with two APOL1 wild-type alleles (G0) are susceptible to T. b. rhodesiense infection, resulting in sleeping sickness. In the presence of one APOL1 G2 risk allele, individuals are protected from T. b. rhodesiense infection and have a lower risk of APOL1-associated nephropathy. Individuals with two APOL1 risk alleles are protected from T. b. rhodesiense infection but have an increased risk of APOL1-associated nephropathy. 
The proposed heterozygous advantage of the APOL1 variants was tested in 184 patients with clinically confirmed T. b. rhodesiense infection and 180 controls in central-eastern Uganda (Cooper et al., 2017). The APOL1 G2 variant was strongly associated with protection against T. b. rhodesiense  with odds ratio of 0.29 (95% CI: 0.07 - 0.48, P = 0.0001), indicating a  five-fold reduced susceptibility to T. b. rhodesiense infection in individuals with a single copy of the G2 variant, in keeping with the heterozygous advantage (Cooper et al., 2017). There was no association observed between the G1 haplotype and T. b. rhodesiense infection (P = 0.50). 
Individuals infected with T. b. gambiense can present with either clinical stage trypanosomiasis (serology and microscopy positive for trypanosomiasis) or as latent carriers (positive serology but asymptomatic and aparasitemic for a minimum of two years) (Cooper et al., 2017). Apolipoprotein L1 variants and susceptibility to T. b. gambiense and disease outcomes was studied in 167 individuals with clinical stage trypanosomiasis and in 60 latent carriers in Guinea (Cooper et al., 2017). The G2 variant was associated with a three-fold increased susceptibility to clinical stage trypanosomiasis (OR = 3.0, 95% CI: 1.45 - 7.06, P = 0.002), which is in keeping with faster disease progression. In contrast, the G1 variant was associated with protection against the development of clinical stage disease (OR = 0.33, 95% CI: 0.17 - 0.62; P = 0.0005), with individuals infected with T. b. gambiense who also possessed one copy of the G1 APOL1 variant being three-fold more likely to be latent asymptomatic carriers of  T. b. gambiense (Cooper et al., 2017). It seems that the G2 variant, but not the G1 variant confers protection from T. b. rhodesiense infection and actually results in worse clinical outcomes, with faster disease progression in T. b. gambiense infection, while the G1 variant provides protection against T. b. gambiense, resulting in latent asymptomatic infection, as shown in Figure 1.5 (Kruzel-Davila and Skorecki, 2017).


[image: C:\Users\Dr Unati\Desktop\elife-29056-fig1-v1.jpg]Figure 1.5.  Individuals carrying different variants of the APOL1 gene are protected against sleeping sickness and kidney disease to different extents.
Adapted from (Kruzel-Davila and Skorecki, 2017). Unrestricted use permitted under the terms of the Creative Commons Attribution license (Appendix E).

Individuals with two copies of wild-type APOL1 (G0 homozygotes) are not protected against sleeping sickness caused by T. b. rhodesiense (red figure, left column) or T. b. gambiense (red figure, middle column), but they do not have an increased risk of chronic kidney disease - CKD (yellow figure, right column). 
Individuals with one copy of wild-type APOL1 and one copy of the G1 variant (G1 heterozygotes), and individuals with two copies of the G1 variant (G1 homozygotes) are not protected against sleeping sickness caused by T. b. rhodesiense (second red figure, left column) and are more likely to have latent asymptomatic infection by T. b. gambiense (pink figure, middle column). 
Individuals with one copy of wild-type APOL1 and one copy of the G2 variant (G2 heterozygotes), and individuals with two copies of the G2 variant (G2 homozygotes) are protected against sleeping sickness caused by T. b. rhodesiense (green figure, left column) but are at increased risk of developing symptomatic infection by T. b. gambiense (grey figure, middle column). Like G0 homozygotes, G1 heterozygotes and G2 heterozygotes do not have an increased risk of chronic kidney disease (second yellow figure, right column). However, G1 homozygotes, G2 homozygotes and compound heterozygotes (individuals with both G1 and G2) all have an increased risk of chronic kidney disease (blue figure, right column).

1.15 FUNCTION OF APOLIPOPROTEIN L1
The original function of apolipoproteins was reported to work as ionic channels of intracellular membranes (Vanhollebeke and Pays, 2006). In this role, they regulate cellular and/or organellar volume or maintain membrane potential (Vanhollebeke and Pays, 2006). This is because APOL1 has been shown to form anionic pores in T. b. brucei. (Perez-Morga et al., 2005). It has been suggested that APOL1 could have a role in apoptosis (Vanhollebeke and Pays, 2006, Wan et al., 2008).
In normal kidney cells, APOL1 is found in podocytes, proximal tubules, medium sizes arteries and arteriolar endothelium, suggesting that it has a normal physiological role (Madhavan et al., 2011). As it is found in kidney vascular endothelium, a role in vasculopathy (Matsha et al., 2015, Vanhollebeke and Pays, 2006) and vascular integrity (Monajemi et al., 2002) needs to be investigated. In biopsies of patients with HIVAN and FSGS, APOL1 was greatly increased in the vascular wall smooth muscle cells of medium sized arteries and arteriolar vessel walls, with a reduction in the number APOL1 podocytes compared to the normal kidney (Madhavan et al., 2011). 
Apolipoprotein L1 is a part of the HDL class 3 particle, specifically the dense subset and is absent from other classes (Molina-Portela Mdel et al., 2005, Harrington et al., 2009). As a result, it is proposed that APOL1 could be involved in cholesterol metabolism (Madhavan et al., 2011, Kopp et al., 2011, Monajemi et al., 2002).
Apolipoproteins purified from the sera of patients with post-kidney transplant FSGS have been shown to prevent changes in glomerular permeability induced by FSGS, thus preventing glomerular albumin permeability in vitro (Candiano et al., 2001). It is postulated that apolipoproteins could be involved in the pathogenesis of FSGS or other non-inflammatory glomerulopathies, either in the initiation or the progression of kidney disease (Candiano et al., 2001).

1.16 SECOND HIT HYPOTHESIS
Although APOL1 risk variants have been shown to be strongly associated with various forms of CKD, not all individuals who are at high genetic risk due to the presence of two APOL1 risk variants develop kidney disease. For individuals with two APOL1 risk genotypes, there is a 4% lifetime risk of developing FSGS and a 50% risk of developing HIVAN in those who are HIV infected and not on antiretroviral therapy (Kopp et al., 2011). Human immunodeficiency virus seems to be a modifiable risk factor for APOL1-associated nephropathy. There has been a reduction in the incidence of HIVAN in the USA with the introduction of antiretroviral therapy even though the frequency of the APOL1 risk variants has remained the same (United States Renal Data System, 2016). It is possible that individuals at high genetic risk who do not develop kidney disease either have protective factors and/or have not been exposed to additional modifying factors. These modifying factors could act as ‘second hits’, where other genes or environmental factors interact with APOL1 to initiate kidney disease.




1.16.1 POLYOMAVIRUSES
Polyomaviruses are small, non-enveloped DNA viruses which consist of an icosahedral capsid 45 nm in diameter (Elfaitouri et al., 2006). Inside the capsid lies the circular genome with an average length of 5 kb (Elfaitouri et al., 2006). Two human polyomaviruses were discovered in 1971; the first to be discovered was the John Cunningham virus (JCV), which was isolated from the brain tissue of a patient with progressive multifocal encephalopathy (PML) (Padgett et al., 1971). This was followed by the discovery of BK virus (BKV) in a kidney transplant patient  with polyomavirus-associated nephropathy (Gardner et al., 1971). 
The polyoma genome contains three main regions (Elfaitouri et al., 2006, Jeong et al., 2004):
· A noncoding regulatory region which contains the origin of replication
· An early region which encodes the viral regulatory proteins (the small t and large T antigens)
· A late region which encodes the capsid proteins VP1, VP2, VP3 and agnoprotein which serves to increase the efficacy of virus transmission from cell to cell.
JCV is a neurotropic virus, causing PML, while BKV is most frequently seen in patients receiving highly immunosuppressive drugs, usually after organ transplantation (White et al., 2013). Human polyomaviruses rarely cause disease in the general population, with primary infection occurring in childhood (Reploeg et al., 2001). A large proportion of people have detectable antibodies to these viruses; by the second decade of life, the vast majority of people have detectable antibodies to BKV and JCV (White et al., 2013). In a study of 400 healthy blood donors, IgG seroprevalence was 82% for BKV and 58% for JCV (Egli et al., 2009). Of these healthy donors, asymptomatic urinary shedding was more common for BKV than for JCV at 28% and 19%, respectively (Egli et al., 2009). The BK viral loads were significantly lower  (3.51 log copies/mL) compared to JC viral loads (4.64 log copies/mL); P < 0.01 (Egli et al., 2009). In a Brazilian study, the prevalence of polyoma viruria in patients with CKD, kidney transplant recipients and normal healthy controls was determined (Pires et al., 2011). Infection with polyomaviruses was present in 17.6% of all subjects. Of the CKD patients, 3.9% had evidence of polyomavirus infection, compared to 22.4% of healthy controls and 30.5% of kidney transplant recipients (Pires et al., 2011). In CKD patients, JCV was the major infecting agent occurring in 90%, whereas in transplant recipients, BKV accounted for 89% of all infections (Pires et al., 2011). 
To test whether JCV could interact with APOL1, 300 urine samples from first-degree relatives of African-Americans with nondiabetic forms of ESKD were evaluated for the presence of BKV and JCV genomic DNA in the urine (Divers et al., 2013). Thirty percent of participants had detectable JCV DNA in the urine compared to 9.7% for BKV DNA (Divers et al., 2013). When urine JCV and APOL1 were combined together into a single variable, there were significant negative associations observed between the combined variable with increasing albuminuria and reduced kidney function (Divers et al., 2013). The median JC viral loads were high (log10 copies/ ml were 5.6 with no risk alleles; 4.95 with one risk allele; 5.09 with two risk alleles), suggesting true infection (Divers et al., 2013). There was no association with BK virus possibly due to small numbers of participants with BKV infection. It is thought that JCV can inhibit infection of the urinary tract with other more nephrotoxic viruses (Divers et al., 2013) or it may alter transcription in pathways such as apoptosis and autophagy, where APOL1 is implicated (Eash et al., 2006). 
The inverse association between urinary shedding of JC virus and CKD was recently validated in non-diabetic African Americans, where JCV was detected in 8.8% of cases with CKD, in contrast to 45.8% of non-CKD controls (P = 3.0 x 10-8)  (Freedman et al., 2018). Individuals with JC viruria had a 63% lower risk of CKD compared to those without evidence of JC viruria (odds ratio 0.37; 95% CI 0.25 - 0.57); P = 4.6 x 10-6) (Freedman et al., 2018). There was no difference in the frequency of JC viruria in cases and controls based on APOL1 genotype.  

1.16.2 GENE-GENE INTERACTIONS
It is possible that modifier loci can explain the difference in lifetime risks of nondiabetic nephropathy in individuals with the same genetic background. A genome-wide association study was conducted in African Americans with the aim of corroborating the association of APOL1 risk variants with nondiabetic nephropathy and identifying susceptibility loci that could interact with or act independently of APOL1 (Bostrom et al., 2012). The study group consisted of African Americans with nondiabetic nephropathy and controls without kidney disease from the Wake Forest School of Clinical Medicine (WFSM), together with replication samples from the Family Investigation of Nephropathy and Diabetes (FIND) study (Bostrom et al., 2012). 
In the WFSM participants, the two SNPs most associated with nondiabetic nephropathy were rs2239785 and rs136148 (P = 5.91 X10-24 [dominant] and P = 1.13 X 10-7 [additive] (Bostrom et al., 2012). This association of SNP rs2239785 and rs136148 with nondiabetic nephropathy was replicated in FIND participants with the association remaining significant (P = 5.03 X 10-21 and 1.92 X 10-5-5, respectively) (Bostrom et al., 2012). SNP rs2239785 and rs136148 are found in the APOL1 gene but they are not functional. A total of 1,420 SNPs were tested for interaction with APOL1 G1 and G2 variants. Rs16854341, in the podocin (NPHS2) gene, was the most significant associated interactive (P = 0.0001) (Bostrom et al., 2012).
In a separate study, rs16854341 was again found to significantly interact with APOL1 G1/G2 risk (interaction OR = 0.6; P = 8.0 x 10-4) in African Americans with nondiabetic ESKD compared to controls (Divers and Freedman, 2014). Other SNPs that were found to significantly interact with APOL1 G1/G2 included rs2802723 in the serologically defined colon cancer antigen 8 gene (SDCCAG8; interaction OR = 1.8; P = 5 x 10-4) and rs8014363 located near bone morphogenic protein 4 (BMP4) (interaction OR = 1.6; P = 1 x 10-3) (Divers and Freedman, 2014). Inheriting two APOL1 risk variants with zero, one and two rs2802723 (SDCCAG8) minor alleles changed the OR for ESKD from 5.1 to 7.3 to 10.5, respectively. Similarly, inheriting two APOL1 risk variants with zero, one and two rs8014363 (BMP4) minor alleles changed the OR for association from 4.8 to 6.8 to 9.6, respectively (Divers and Freedman, 2014). In addition to the presence of two APOL1 risk variants, each copy of rs168544341 (NPHS2) minor allele reduced the odds ratio of ESKD by approximately 50%; the  odds ratio of ESKD in individuals who are homozygous at the major allele was 7.03, compared to 3.52 for heterozygous individuals and 1.76 for minor allele homozygotes (Divers et al., 2014).
Apolipoprotein L1, BMP4 and NPHS2 genes are expressed in podocytes (Divers et al., 2014). The exact mechanism of interaction of these genes with APOL1 is currently unknown. It is hypothesised that podocyte injury can lead to impaired glomerular structure and function.  

1.17 UROMODULIN
Tamm-Horsfall protein (THP), a mucoprotein that inhibits the hemagglutination of viruses like influenza, mumps and the Newcastle disease virus was first discovered in the urine of healthy adults by Tamm and Horsfall in 1952 (Tamm and Horsfall, 1952). Thirty years later, an 85-kilodalton immunosuppressive glycoprotein which inhibited in-vitro assays of human T-cell and monocyte activity was purified from the urine of pregnant women, which was called uromodulin (Muchmore and Decker, 1985). Using characterization of complementary DNA and genomic clones, it was found that THP and uromodulin were the same glycoprotein (Pennica et al., 1987). Uromodulin is synthesized exclusively by the epithelial cells lining the thick ascending loop of Henle (TAL) (Serafini-Cessi et al., 2003) and is normally the most abundant protein in urine (Rampoldi et al., 2011, Lynn and Marshall, 1984, Hart et al., 2002). A decline in creatinine clearance is associated with a reduction in the levels of urinary uromodulin (Thornley et al., 1985). 
The function of uromodulin is currently unclear. It has been suggested that it might have a role in water and electrolyte balance in the TAL (Rampoldi et al., 2011). Its expression is increased by a high-salt diet and chronic use of loop diuretics (Ying and Sanders, 1998). In studies on uromodulin knockout mice, uromodulin was shown to be protective against urinary tract infections (Bates et al., 2004) due to its ability to bind urinary tract pathogens like Escherichia coli and preventing their binding to uroplakin receptors (Pak et al., 2001). Uromodulin has been shown to have a role in the prevention of kidney stone formation by reducing the aggregation of calcium crystals (Miyake et al., 1998, Mo et al., 2004). In in-vitro studies, it was found that uromodulin could have a role in innate immunity, by binding to immunoglobulin G, complement 1q and tumor necrosis factor-α (Rhodes et al., 1993, Rhodes, 2000, Hession et al., 1987).

1.17.1 UROMODULIN ASSOCIATED KIDNEY DISEASE
Medullary cystic kidney disease 2 (MCKD2) and familial juvenile hyperuricemic nephropathy (FJHN) are autosomal dominant kidney diseases which typically present with juvenile onset of polyuria, hyperuricemia, gout and progressive nephropathy. Using linkage and mutational analyses of members of three families segregating FJHN and one family segregating MCKD2, a region on chromosome 16p, of approximately 1.7 Mb was found to be the candidate region for FJHN (Hart et al., 2002). Direct sequencing of six candidate genes within this interval identified four different mutations in exon 4 of the uromodulin (UMOD) gene in affected members in the three families with FJHN and the one family with MCKD2, confirming that these two diseases result from allelic mutations of the same gene (Hart et al., 2002).

1.17.2 GENOME-WIDE ASSOCIATION STUDIES 
The first genome wide association study (GWAS) on CKD was conducted in approximately 20, 000 participants of European origin from population-based cohorts of the CHARGE consortium (Kottgen et al., 2009, Psaty et al., 2009). There were significant SNP associations with CKD, with P < 5 x 10-8, at the UMOD locus (Kottgen et al., 2009). A total of four loci were identified in association with eGFRcrea, of which the strongest association was for SNP rs129177070 at the UMOD locus (P overall = 5 x 10-16) (Kottgen et al., 2009). The minor T allele at rs129177070 was associated with a 20% reduction in the risk of CKD, which was independent of age, male gender, presence of diabetes or hypertension (Kottgen et al., 2009). Using data from the CKDGen Consortium, it was possible to replicate the significant association of rs129177070 UMOD variant with eGFRcrea, P = 1.0 x 10 -14 (Kottgen et al., 2010b). The rs129177070 variants of UMOD were associated with a protective effect, with higher GFRs and lower risk for the development of CKD (Kottgen et al., 2009, Kottgen et al., 2010b). 
The Global BPGen Consortium identified SNP rs13333226 which was associated with hypertension, with the minor allele G associated with a lower risk of hypertension (OR [95% CI]; 0.6 [0.5 to 0.73]; P = 1.14 x 10-7) (Padmanabhan et al., 2010). Each copy of the G allele was also associated with 0.49 mmHg lower systolic BP and 0.30 mmHg lower diastolic BP (P = 1.5 X 10-5), 0.2 mg/mmol lower urinary uromodulin levels (P = 0.007) and 4.6 ml/min/1.73m2 higher eGFR (P = 0.005) (Padmanabhan et al., 2010). The rs13333226 variant is in complete linkage disequilibrium with rs129177070 and rs4293393 (Rampoldi et al., 2011).

1.17.3 URINARY UROMODULIN LEVELS 
In earlier studies, urinary uromodulin levels were shown to be significantly lower in patients with kidney disease (19 ± 18 mg/24h) than in controls (39 ± 13 mg/24h; P <0.001), which was not related to age, sex or urine volume (Lynn and Marshall, 1984). A reduction in the number of functional distal tubular cells was postulated to be responsible for this reduction in uromodulin levels in patients with kidney disease (Lynn and Marshall, 1984). 
A nested case-control study was performed on 200 incident CKD participants with an eGFR < 60 ml/min/1.73m2, within the Framingham Heart Study (Kottgen et al., 2010a). Participants were followed up for 9.9 years. Urinary uromodulin levels at baseline were 51% higher in participants that later developed CKD than in controls (P = 0.016), with elevated uromodulin levels preceding the onset of CKD. (Kottgen et al., 2010a). The C allele of rs4293393 was found to be protective as it was associated with lower urinary uromodulin levels (geometric means 5.5, 3.1 and 1.5 µg/ml for zero, one and two copies, respectively; P = 0.001) and higher eGFRs (64, 67 and 80 ml/min/1.73m2, for zero, one and two copies, respectively; P = 0.047) (Kottgen et al., 2010a). 
In the Heart and Soul Study conducted on patients with coronary artery disease, urinary uromodulin levels were similar between cases and controls, with no association with CKD (Shlipak et al., 2011). In this cohort, the minor T allele of rs129177070 was shown to be protective, with the T/T genotype having significantly lower urinary uromodulin levels than the G/G genotype, P = 0.001 (Shlipak et al., 2011). 

1.18 SOLUBLE UROKINASE PLASMINOGEN ACTIVATOR RECEPTOR
Soluble urokinase plasminogen activator receptor (suPAR) is a member of the Ly-6/ neurotoxin family of signaling proteins, and is produced from the cleavage and release of membrane bound urokinase plasminogen activator receptor (uPAR) expressed in immune cells, endothelial cells and podocytes (Thuno et al., 2009, Wei et al., 2008). An increase in suPAR levels has been shown in the setting of immune system activation and systemic inflammation, in conditions such as HIV infection (Ostrowski et al., 2005a) and malaria (Ostrowski et al., 2005b). Elevated plasma levels of suPAR were also shown to associate with both a decline in eGFR and incident CKD (Hayek et al., 2015).
As both APOL1 genetic variants and suPAR have been strongly associated with inflammation and CKD, a relationship between suPAR levels and APOL1 genotype and decline in kidney function in African Americans was determined in two independent cohorts; the Emory Cardiovascular Biobank and the AASK cohorts (Hayek et al., 2017). In both cohorts, the APOL1 high-risk genotype was associated with faster eGFR decline in the presence of high suPAR levels of  >3,000pg/ml but not when the levels were <3, 000 pg/ml, suggesting that suPAR levels are an important modifier of the association between APOL1 genotype and subsequent eGFR decline (Hayek et al., 2017). It is postulated that APOL1 risk-variant proteins lead to  injury of  podocytes by synergizing with high levels of suPAR to induce potent αvß3 intergrin activation on the podocyte membrane, resulting in the activation of various αvß3 intergrin signaling pathways, with dysregulation of  the actin cytoskeleton  and cell detachment (Hayek et al., 2017). 

1.19 HYPOTHESIS 
Genetic susceptibility to hypertension-attributed CKD in black South Africans is influenced by variations in the APOL1 gene. These variations in the APOL1 gene are also present in first-degree relatives of these patients, resulting in an increased risk of kidney disease. It is postulated that disease expression is modified by “second hits”, which include infectious agents, such as polyomaviruses and genetic polymorphisms in other genes like the uromodulin, podocin, serologically defined colon cancer antigen 8 and bone morphogenic protein 4 genes. These “second hits” are also associated with hypertension-attributed CKD and result in an increased susceptibility to kidney disease in first-degree relative of patients with hypertension-attributed CKD.

1.20 OBJECTIVES
The aim of this study was to determine associations of the APOL1 risk variants with hypertension-attributed CKD in black South Africans and the association of these variants with other genes and environmental factors. 
This was achieved by setting the following objectives:
1. To determine the prevalence and association of the high risk APOL1 variants in black South Africans with hypertension-attributed CKD compared to healthy controls.
2. To determine the prevalence and association of the high risk APOL1 variants with modifiers of kidney disease in first-degree relatives compared to healthy controls and CKD patients.
3. To determine the prevalence of JC and BK polyomavirus infection and the effect of these viruses, together with APOL1 risk alleles on hypertension-attributed CKD in black South Africans.
4. To investigate the relationship and association of urinary uromodulin with CKD and to determine whether the SNP rs1333226 in the UMOD gene is associated with urinary uromodulin concentrations.
5. To determine the association of polymorphisms in the NPHS2, BMP4 and SDCCAG8 genes with kidney disease and to test the interaction of these polymorphisms with APOL1 risk variants in black South Africans with hypertension-attributed CKD.











CHAPTER 2: METHODS
The study was conducted in the Department of Internal Medicine at the University of the Witwatersrand and was in accordance with the Declaration of Helsinki. Ethical clearance was granted by the Human Research Ethics Committee of the University of the Witwatersrand (Clearance certificate no M141192, Appendix F and G).

2.1 STUDY DESIGN 
This was a cross-sectional study. Recruitment and enrolment into the study at the Divisions of Nephrology at Charlotte Maxeke Johannesburg Academic Hospital (CMJAH) and Chris Hani Baragwanath Academic Hospital (CHBAH) occurred between March 2015 and September 2016. All participants gave written informed consent before study entry. 

2.2 STUDY POPULATION
2.2.1 CASES WITH HYPERTENSION-ATTRIBUTED CKD
Consenting, unrelated black South African patients with hypertension-attributed CKD and ≥18 years were studied. A total of 71 CKD patients were recruited from the renal clinic and haemodialysis and peritoneal dialysis units at CMJAH and CHBAH. The cases were consecutively selected and were considered ‘black’ South African if they reported all 4 grandparents as being black South African.
The diagnosis of hypertension-attributed CKD was a clinical diagnosis based on typical features as assessed by the treating physician (presence of hypertension or use of antihypertensive agents; mild or no proteinuria), or typical histological changes of hypertensive nephrosclerosis if a kidney biopsy was available. Kidney biopsies were available in 5 participants. All cases were recruited by a single nephrologist using standardized diagnostic criteria.
The following supporting investigations were retrieved from the patients’ records at the time the diagnosis of hypertension-attributed CKD was made:
-Ultrasound showing small kidneys (for patients with Stage 5 CKD) 
-Signs of left ventricular hypertrophy (on electrocardiogram or if available, an   
 echocardiogram)
-Proteinuria ≤ 2.2 g/24h (Wright et al., 1996)
-Records showing no other identifiable cause of renal insufficiency.
Patients with diabetes mellitus, seropositivity for HIV, Hepatitis B and C, malignancy, autoimmune diseases and acute kidney injury were excluded.

2.2.2 FIRST-DEGREE FAMILY MEMBERS
After recruitment, patients with hypertension-attributed CKD were requested to invite their first-degree family members (parents, siblings and offspring) to also participate in the study. All available first-degree relatives were included in the study, after receiving written signed consent and/or assent where appropriate. A total of 52 first-degree relatives from 42 families were recruited, comprising of 5 parents, 18 siblings and 29 children. 

2.2.3 CONTROL SUBJECTS
A total of 58 control subjects were recruited from the staff working at CMJAH and CHBAH and members of the community, who were either visitors to the hospital or were invited participate by their friends and relatives. These control subjects were ethnically matched to the CKD cases. They were included in the study if they were healthy, with a normal serum creatinine and an eGFR ≥ 60ml/min/1.73m2, albumin/creatinine ratio < 30 mg/g, normal blood pressure and a negative HIV test.

2.3 CLINICAL DATA COLLECTION 
A standardized questionnaire was administered to each participant using a structured interview to collect socioeconomic (based on self-reporting by the participants as household visits were not conducted) and clinical data (Appendix H).

2.3.1 ANTHROPOMETRIC MEASUREMENT
Patients were measured wearing light clothes and no shoes. Weight (digital scale, Dismed, USA), was measured to the nearest 100g, while height (stadiometer, Seca, Germany) was measured to the nearest 0.5cm. Body mass index (BMI) was calculated as weight in kilograms divided by the square of the height in metres (kg/m2). 


2.3.2 BLOOD PRESSURE
Blood pressure was measured using an automated digital blood pressure monitor (Rossmax PA, USA) after 5 min of rest, in the right arm and in a sitting position (O'Brien et al., 2005). Three consecutive BP readings were obtained using an appropriately sized cuff, 30-60s apart. Hypertension was based on a history of physician-diagnosed hypertension and/or receiving medications for hypertension or average systolic blood pressure ≥ 140 and/or average diastolic blood pressure ≥ 90 mmHg in adults ≥ 18 years.
Mean arterial pressure (MAP) was calculated using the formula: MAP = (2DBP + SBP)/3. 

2.4 SAMPLE SIZE CALCULATION
The effect size of APOL1 for the Yoruba from Ibadan and African Americans was used to calculate the sample based on previous data (Kopp et al., 2011, Kao et al., 2008, Ulasi et al., 2013). Assuming that the frequency for the high risk APOL1 risk alleles in the general population is 0.15, then a minimum of 2.3% of the general population is expected to be homozygous or compound heterozygous for the two APOL1 risk alleles. Two percent and 23.3% of black South Africans and Igbo people of south-eastern Nigeria, respectively without kidney disease were recently shown to carry two APOL1 risk alleles (Kasembeli et al., 2015, Ulasi et al., 2013). Based on the above, among patients with hypertension-attributed CKD, 30% would be risk allele homozygotes. There would be a 27.7% change in the effect size. Forty one patients and 41 controls would be needed to attain adequate power to detect a significant difference between CKD cases and controls, with an alpha = 5%, 1-beta (power) of 97% with a two tailed t-test.

2.5 SAMPLE COLLECTION
Fasting blood samples were collected into plain gel separator vacutainer tubes (for serum) and ethylene diamine tetra-acetic acid (EDTA) tubes (for DNA). Samples were allowed to clot for half an hour and then centrifuged at 4000 rpm for 20 minutes. Serum was then aliquoted into 1.5 ml plastic tubes and stored at -80°C until further use. Biochemistry samples were analysed at the National Health Laboratory Services (NHLS) according to principles of good laboratory practice on the same day, using the Cobas 6000 analyser (Roche Diagnostics, USA). The tests performed included serum creatinine, calcium, phosphate, total cholesterol, HDL cholesterol and triglycerides. Serum creatinine was measured using the isotope dilution mass spectrometry (IDMS) traceable assay. Low-density lipoprotein cholesterol (LDL-C) was calculated using the Friedewald equation (Friedewald et al., 1972). Whole blood for genetic analysis was collected in EDTA tubes and stored at -20°C until further use. 

2.5 ASSESSMENT OF KIDNEY FUNCTION
2.5.1 Estimated Glomerular Filtration Rate
Two methods were used to estimate GFR (eGFR), based on the serum creatinine:
- The Modification in Diet in Renal Disease (MDRD) equation as described by (Levey et al., 1999) , where
GFR in mL/min per 1.73 m2 = 175 x SerumCr-1.154 x age-0.203 x 1.212 (if patient is black) x 0.742 (if female)


- The Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula (Levey et al., 2009), where 
GFR = 141 × min (Scr /κ, 1)α × max(Scr /κ, 1)-1.209 × 0.993Age × 1.018 [if female] × 1.159 [if black], where:
Scr is serum creatinine in mg/dL 
κ is 0.7 for females and 0.9 for males,
α is -0.329 for females and -0.411 for males,
min indicates the minimum of Scr /κ or 1, and
max indicates the maximum of Scr /κ or 1.

[To convert creatinine from µmol/l to mg/dL, divide by 88.4]

2.5.2 CLASSIFICATION OF CKD
Depending on the eGFR, the National Kidney Foundation/Kidney Disease Outcomes Quality Initiative (NKF/KDOQI) classification system for the staging of patients with CKD was used as shown in Table 1.1.

2.5.3 ASSESSMENT OF PROTEINURIA
Urine samples (10-50 mL) were collected in sterile specimen collection tubes. The urine was centrifuged at 3500 x g for 10 minutes, until full separation of residue. The supernatant was placed in 2mL Eppendorf tubes and stored at -80°C before use for quantification and genotyping. Urine albumin and total protein were measured by the immunoturbidimetric assay (Cobas 6000, Roche Diagnostics, USA. Urine ACR ≥ 30mg/g were considered elevated. 
2.6 DNA EXTRACTION AND NORMALISATION
Venous blood (7ml) was collected from all subjects into tubes containing 50 mmol/L EDTA as an anticoagulant. For 60 samples, blood was stored in these EDTA tubes at -25°C. For these samples, DNA was extracted by the salting out procedure, modified from Miller et al (Miller et al., 1988). This is described in detail in Appendix I.
For 121 samples, EDTA tubes with the blood samples were spun down at 4000 rpm for 20 min in order to separate the plasma, white blood cells (buffy coat) and red blood cells. The buffy coat was aspirated into 1.5ml Eppendorf tubes and stored at -25°C. For these samples, genomic DNA was extracted from buffy coats collected in Eppendorf tubes using the Maxwell® automated nucleic acid extraction platform from Promega® (Madison, USA), according to the manufacturer’s instruction. Briefly, 250 µl of buffy coat was aliquoted onto the sample cartridge and placed onto the Maxwell® analyser, where samples were lysed, proteins digested using Proteinase K and the nucleic acids bound to the silica surface of the magnetic glass particles, allowing for them to be magnetically separated. Unbound debris was removed from the beads with several washing steps and the isolated nucleic acids eluted in 300 µl of elution buffer. The extracted DNA was stored at -80°C until used. The automated extraction system allows for 16 samples to be isolated in 45 minutes. The use of an automated system is beneficial for an increase in throughput, improved purity of the isolated sample and decreased risk of cross-contamination.
The concentration (ng/µl) and the purity (optical density 260/280) of the DNA was measured using the Nanodrop® ND-1000 Spectrophotometer (Nanodrop® Technologies, ThermoScientific, USA). A ratio > 1.7 was considered adequate. The DNA was stored at -25°C until it was required for the purposes of this study. Prior to use, the patients’ DNA samples were diluted in distilled water to 25ng/µl.
2.7 APOLIPOPROTEIN L1 GENE 
2.7.1 SNP selection and genotyping
The genome browser ENSEMBL was used to retrieve gene co-ordinates and intron/exon structure for the APOL1 gene. ENSEMBL creates, integrates and distributes reference datasets and analysis tools that enable genomics (Ensembl, 2017). Transcript APOL1-003 was selected, with the following information:
· Transcript ID: ENST 00000319136.8
· Length of Transcript: 3000bps. 
· Protein length: 414 amino acids
· Biotype: protein coding
The total number of SNPs present in and around the APOL1 gene was generated. The SPSmart Program was used to determine the number of SNPs present in both the International HapMap and 1000 Genome projects focusing on the three African populations; Yoruba in Ibadan, Nigeria (YRI), Luhya in Webuye, Kenya (LWK) and Maasai in Kinyawa, Kenya (MKK) (Amigo et al., 2008). These populations were used as proxies for black South Africans. Single nucleotide polymorphisms with a minor allele frequency (MAF) ≥ 5% in one of the three African populations mentioned above were selected. 

2.7.2. Primer design for APOL1 gene 
Apolipoprotein L1 gene primers were designed specifically for the APOL1 gene transcripts that hybridizes to homologous sequences in the N-terminal region of the gene. Primers were designed at the N-terminal region of the gene using the primer-BLAST tool (National Center for Biotechnology Information, 2017) and synthesized by Integrated DNA Technologies (IDT) (Whitehead Scientific, Cape Town). The sequences of the primers are shown in Table 2.1.

Table 2.1 Primer sequence for the APOL1 gene 
	Primer
	Sequence

	APOL1 Forward Primer
	5’-ACC AAC TCA CAC GAG GCA TT -3’

	APOL1 Reverse Primer
	5’-CTG CCA GGC ATA TCT CTC CT -3’



2.7.3 Amplification protocol: APOL1 gene 
Polymerase chain reaction (PCR) was used for amplification of APOL1 sequences, using the APOL1 gene-specific primers. To make the PCR master mix, 1.25 µl of the APOL1 forward primer, 1.25 µl of the APOL1 reverse primer, 8 µl of RNAse free water were added to 12.5 µl of 2X KAPA 2G robust HotStart ready-mix (Sigma-Aldrich, St Louis, USA). The HotStart ready-mix PCR kit contains KAPA HiFi HotStart DNA Polymerase (5U/µl) and a proprietary reaction buffer containing dNTPs and MgCl2.  Two microliters of sample DNA were added to the mixture, to make a total volume of 25 µl, which was pipetted into each well of a 36-well plate. All wells were inspected for uniformity of volume. After sealing the plate with an adhesive cover, it was vortexed to mix the reactions and centrifuged to bring down the contents and to eliminate air bubbles. 
Cycling was done on an MJ miniTM Gradient Thermocycler (BioRad Laboratories, California, USA). Thermocycling conditions for PCR included an initial enzyme denaturing step for 3 min at 95°C and 40 alternating cycles of denaturation at 95°C for 15 s, annealing at 60°C for 15 s and extension at 72°C for 20 s.

2.7.4 APOL1 gene Restriction Fragment Length Polymorphism 
Restriction Fragment Length Polymorphism (RFLP) is a technique which exploits variations in homologous DNA sequences. During RFLP analysis, a DNA sample is broken into fragments and digested by restriction enzymes which recognize and cut DNA wherever a specific short sequence occurs. The resulting restriction fragments are then separated according to their lengths by gel electrophoresis. 
The following restriction enzymes were used:
· For rs73885319 A/G
Restrict with Hind III (ThermoFisher, USA): cleaves DNA sequence 5’-A/AGCTT-3’ 
· For rs60910145 T/G
Restrict with Nsp 1 (ThermoFisher, USA): cleaves DNA sequence 5’-RCATG/Y-3’
· For rs71785313 -/TTATAA
Restrict with Mlu CI (ThermoFisher, USA): cleaves DNA sequence 5’-/AATT-3’

A total volume of 10 µl was used during the restriction process, consisting of 5 µl of PCR product, 1 µl of enzyme specific buffer, 3.75 µl of water and 0.25 µl of the restriction enzyme. The restriction enzymes cleave under the conditions set out in Table 2.2:

Table 2.2 Restriction Fragment Length Polymorphism conditions for APOL1 
	SNP
	Restriction Enzyme
	Buffer 
	Temperature
	Time
	Allele size, bp$

	rs73885319


	HindIII
	Buffer 2.1
	37°C
	2 hours
	A: 215*
G: 421#

	rs60910145
	NspI
	CutSmart
	37°C
	Overnight
	T: 343*
G: 257#

	rs71785313
	MluCI
	CutSmart
	37°C
	Overnight
	I: 344*
D: 415#


$bp, base pair; * RFLP product for normal allele; # RFLP product for mutant allele.

After restriction, 12 µl of the sample were run on a 2% agarose gel containing 3µl ethidium bromide (Sigma, USA) in 100mL 1X TBE solution (set up as described in Appendix J). The Gene Ruler Low Range DNA Ladder, Ready-to-Use 25-700 bp (ThermoScientificTM, Leicestershire, UK) was used as the molecular weight marker. The gels were then viewed under ultra violet light using Gel DocTM EZ Imaging system (BioRad laboratories, California, USA). Images of the gels were captured and the different isoforms identified based on their different molecular weights. 




2.8 CUSTOM TAQMAN® SNP GENOTYPING ASSAY
TaqMan® minor allele groove-binding (MGB) based allelic discrimination (AD) assays (Thermofisher Scientific, Waltham, USA) were used to genotype each participant for the presence of SNPs in the uromodulin, podocin, serologically defined colon cancer gene antigen 8 and bone morphogenetic protein 4 genes (SNPs rs13333226, rs16854341, rs2802723 and rs8014363, respectively).
TaqMan® AD Assay is a multiplexed, accurate, robust, inexpensive and highly reproducible assay (Kamau et al., 2012). It can be custom designed for detection of SNPs of interest (Kamau et al., 2012). TaqMan® assays simplify and increase accuracy in call making (Kamau et al., 2012). The 5’ to 3’ Taq DNA polymerase exonuclease activity is used to cleave the oligonucleotide probe once it has been hybridized (Livak, 1999). A unique pair of fluorescent dye detectors is used for each sample in an AD assay. Two allele-specific TaqMan® probes can be labelled with different 5’ fluorophore dyes, which can be either VIC or a 6-carboxy-fluorescein (FAM) dye and a 3’ quencher dye together with a primer pair to target a specific SNP site, as shown in Figure 2.1. The close proximity of the dyes eliminates the fluorophore’s signal using Förster fluorescence resonance energy transfer (FRET). Once the fluorogenic probe has been cleaved during the PCR-assay, there is liberation of the reporter dye, causing an increase in its fluorescence intensity. Therefore, an increase in the reporter fluorescence indicates that amplification of the probe specific target has occurred. Assay sensitivity is improved by the addition of a non-fluorescent quencher (NQF) to all MGB probes, which eliminates the background fluorescence, thus providing a greater signal-to-noise ratio (Kamau et al., 2012). One fluorescent dye detector represents a match to the wild type (allele 1) and the other fluorescent dye detector represents a match to the mutation (allele 2). The presence of two fluorescent dye detectors (primer/probe) pairs in each reaction allows genotyping of the two variants at that particular SNP site. The AD assay therefore classifies the unknown sample as: Homozygotes (samples having only allele 1 or allele 2), Heterozygotes (samples having allele 1 and allele 2) and No Amp (samples where no amplification is observed).
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Figure 2.1 Schematic illustration of TaqMan® Allelic Discrimination Assay
Achieved by the selective annealing of TaqMan® MGB probes. 
Source: https://www.thermofisher.com/za/en/home/life-science/pcr/real-time-pcr/qpcr-education/how-taqman-assays-work.html [Accessed 6 Feb 2017]


2.8.1 Primer sequence for TaqMan® SNP genotyping assays 
The Thermofisher website was used to retrieve the primer sequences for the specific TaqMan® SNPs as shown in Table 2.3 (ThermoFisher Scientific, 2017).
Table 2.3 Primer sequences for TaqMan® SNP genotyping assays 
	Gene name
	Chromosome
	Context Sequence

	UMOD
	Chr.16:20354332 on build GRCh38
	GTCAAAGAGGTAGCACAGCTGTAGG[A/G]ATATTGACTCCTCTTCCCAAACAGC

	BMP4
	Chr.14:53964857 on Build GRCh38
	TAAATAAAAGTGATTGTTGGCTTTG[C/T]TTGTTGTATTTAAATTAAATGTTAA


	NPHS2
	Chr.1:179559792 on Build GRCh38
	AGAGAGGAGGAGGAAGTGACAGATA[A/G]ATAGCTAGCATGAAGGCTGTTTGGG

	SDCCAG8
	Chr. 243335010 on Build GRCh38
	TGTCGAATAGCTTGCCTCCCCTAGT[C/T]CAGTGAGTCCCTTGCATGTAACATC



2.8.2 SNP genotyping assays
The SNPs rs13333226, rs16845341, rs2802723 and rs8014363 were supplied as a 40X assay containing:
· 5’ VIC dye and a quencher (tetramethylrhodamine) labelled to a TaqMan®  probe to detect the allele 1 sequence
· 5’ FAM (6-carboxyl-fluorescein) dye and a 3’ quencher (tetramethylrhodamine) labelled to a  TaqMan®  probe to detect the allele 2 sequence
· Forward and reverse primers to amplify the sequences of interest that represent the polymorphisms.
As the SNP genotyping assay mix is supplied as a 40X assay, it was diluted to a 20X working stock with 1X TE buffer. Aliquots of the SNP genotyping assays were stored at -20°C until further use.
The TaqMan® Universal PCR Master Mix is a 2X single reaction, high performance probe-based master mix which contains AmpliTaq Gold® DNA polymerase, reaction buffer and dNTPs for the TaqMan® assay. To make up the master mix for the amplification procedure, 12.5 µL of the 2X TaqMan® Universal PCR Master Mix and 1.25 µL of the 20X SNP Genotyping Assay Mix were mixed together in a centrifuge tube to make up a total volume of 13.75 µL. This was mixed well by vortexing and centrifuged to settle the components in the tube. 

2.8.3 Reaction plate preparation
A volume of 13.75 µL of the master mix solution was pipetted into each well of a 96-well plate. This was followed by 11.25 µL of the sample DNA to make total reaction volume of 25 µL. All wells were inspected for uniformity of volume and the plate sealed with an adhesive cover. The plate was vortexed to mix the reactions and centrifuged briefly to bring down the contents and eliminate air bubbles. It was then placed in Applied Biosystems 7500 Real Time PCR System (Applied Biosystems, Foster City, USA), specifying a TaqMan® AD assay. Thermocycling conditions included an initial enzyme activation step for 10 min at 95°C and 40 alternating cycles of denaturation at 95°C for 15 s and annealing and extension at 60°C for 60 s. 
Sample identities were entered in the template on the provided for the thermocycling programme and reaction volume of 25 µL per well specified. All amplification reactions were performed on the Applied Biosystems 7500 Real Time PCR System Sequence Detection System Software (Applied Biosystems, Foster City, USA). Post analysis was performed using the allelic discrimination analysis option on the SDS version 2.3 sequence detection software as shown in Figure 2.2 (Applied Biosystems, Foster City, USA).
[image: ]
Figure 2.2 An example of an allelic discrimination plot 
Source: https://www.thermofisher.com/za/en/home/life-science/pcr/real-time-pcr/real-time-pcr-assays/snp-genotyping-taqman-assays/custom-snp-assays.html  (Accessed 03 March 2017)

2.9 JC VIRUS AND BK VIRUS NUCLEIC ACID PURIFICATION 
2.9.1 Extraction of the viral DNA
Viral DNA was extracted from stored urine using the Maxwell® automated nucleic acid extraction platform from Promega® (Madison, USA), according to the manufacturer’s instruction, which is described below. Prior to commencement of the extraction, a lysis solution was prepared by adding 30 µl of Proteinase K to 300 µl of lysis buffer (volume for one sample), both of which were provided by the manufacturer.

2.9.2 Preparation of samples 
Three hundred microliters (300 µl) of urine was pipetted into a 1.5 ml microcentrifuge tube with a cap. Three hundred and thirty microliters (330 µl) of the lysis solution were added to the 300 µl urine sample. The lid was closed and the tube vortexed for 10 seconds. Afterwards, the specimen was incubated at 56°C in a heat block for 10 minutes. The Maxwell® Low elution volume (LEV) cartridges were prepared, as per the manufacturers’ instructions. The cartridges were then placed in the Maxwell® 16 LEV cartridge rack. Once the cartridge was safely secured in position, the seal was carefully removed to ensure that all the plastic has been removed from the top of the cartridge. A 0.5 ml Elution Tube was placed in the front of the Maxwell® 16 LEV cartridge with addition of 50 µl of nuclease-free water to the bottom of each elution tube. An LEV plunger was placed in well #8 of the cartridge, which is the one closest to the elution tube. Samples were transferred to well #1 of the cartridge (the one furthest away from the elution tube).
After ensuring that the instrument settings were on the “LEV” hardware configuration and “Research” operational mode, the “Viral protocol” was selected, after which the automated purification procedure commenced.

2.9.3 Quantification of JC and BK genomes
Polyomavirus JC and Polyomavirus BK virus non-coding regulatory region Genesig® Standard Kits (Genesig®, Chandler’s Ford, UK) were used for detection and quantification of JCV and BKV genomes, respectively. The kits are designed for in vitro quantification of JC and BK virus. The kit for each virus is designed specifically and exclusively for that species and does not detect other closely related viruses. Positive control templates for JCV and BKV standard curve preparation were provided by the supplier. Sequencing information was deemed to be proprietary by the supplier Genesig®, thus they could not supply us with that information. However, they were able to provide some limited information as depicted in Table 2.4.

Table 2.4 JCV and BKV limited sequencing information
	
	JCV
	BKV

	Accession
	AB074582
	AB263912

	Core length
	79
	80

	Context length
	101
	112

	Anchor nucleotide
	191
	17



2.9.4 Real-time PCR detection protocol: Polyomaviruses
For each DNA sample, a reaction mix was prepared, which consisted of 10 µl of a 2X qPCR Master Mix, 1 µl JCV (or BKV) primer/probe mix, 4 µl RNAse free water to a final volume 15 µl. A 96 well PCR setup plate was used. Fifteen microliters of this mix was pipetted into each well. Five microliters of DNA templates were pipetted into each well, according to the experimental set-up plate. For negative control wells, 5 µl RNAse/DNAse free water was used. The final volume in each well was 20 µl. 

2.9.4.1 Preparation of a standard curve for quantitative analysis
The positive controls for each virus were provided by the supplier. A standard curve of the quantification cycle (Cq) values was obtained from serial dilutions (10-106 copies) of the positive controls. Five microliters of the standard template were pipetted into each well for the standard curve according to the experimental set up plate. The final volume in each well was 20 µl.
2.9.4.2 Amplification protocol: Polyomaviruses 
The amplification protocol was set up as shown in Table 2.5 below.
Table 2.5 Amplification protocol for Polyomaviruses JC and BK
	
	Step
	Time
	Temp

	
	Enzyme activation
	5 min
	95°C

	50 Cycles {
	Denaturation
	15 sec
	95°C

	
	Data collection
	60s
	60°C 



2.9.4.3 Data assessment 
Reactions were analysed using the Applied Biosystems 7500 Real Time PCR System Sequence Detection System Software (Applied Biosystems, Foster City, USA). The lower limit of detection was 2.0 log10 copies/ml for both BKV and JCV. The Cq values from the unknown samples were plotted on the standard curve, and the number of BKV/JCV genomes per millilitre was calculated. Samples with a CT > 40 cycles were considered negative.

 2.10 Uromodulin Luminex®
Urinary uromodulin levels were analyzed using Luminex® Performance Assay multiplex kits (R & D Systems, Inc., Minneapolis, USA) (Appendix K). Samples were diluted 1:4000 (first dilution was a 1:50, second dilution 1: 200 and a final 1:4 000 dilution). Absorbance for uromodulin was read in the bead region 64 on the Bio-PlexTM 200 system (Bio-Rad, Texas, USA) and concentrations were generated automatically with Bio-PlexTM manager software, version 5.0 (Bio-Rad Laboratories Inc., Hercules, USA).

2.11 Statistical Analysis
Data was analyzed using STATA v12.0 (Texas, USA). A diagram listing the study cohorts and analyses is shown in Appendix L. The Shapiro-Wilk’s test was used to test for normality resulting in JC and BK viral loads and uromodulin concentration being modelled using a logarithmic transformation. Continuous variables were expressed as mean ± standard deviation (SD) or as medians and interquartile ranges (IQR) and discrete variables reported as percentages. Categorical data were compared using chi-square test and continuous data using a Mann-Whitney, Kruskal Wallis or t-tests as appropriate. The effect of APOL1 risk genotypes on kidney disease was tested using the Fisher’s exact test and by logistic regression adjusting for age and sex. Based on results from previous association results, we mainly tested recessive models, comparing individuals with two risk alleles, i.e. G1/G1, G1/G2 or G2/G2 against all others. Logistic regression models were fitted to test for the association between the risk of developing kidney disease, defined as CKD-EPI eGFR <60ml/min per 1.73 m2 and each outcome. A 2-tailed p value of <0.05 was considered statistically significant. Detailed statistical methods are given in the methods section of each chapter.















CHAPTER 3: LOW PREVALENCE OF APOLIPOPROTEIN L1 GENE VARIANTS IN BLACK SOUTH AFRICANS WITH HYPERTENSION-ATTRIBUTED CHRONIC KIDNEY DISEASE 

ABSTRACT
Variants in apolipoprotein L1 (APOL1) gene were shown to associate with higher rates of nondiabetic kidney disease in black patients compared with white patients. Frequencies of these variants differ substantially in African populations, suggesting that their contribution to kidney disease might differ. 
We determined the frequency and association of APOL1 risk alleles with markers of kidney disease in 71 black South Africans with hypertension-attributed CKD and 52 first-degree relatives.
Black patients with hypertension-attributed CKD with an estimated glomerular filtration rate ≤ 60ml/min/1.73m2 were included, together with their first-degree relatives. G1 (rs60910145 and rs73885319) and G2: rs71785313 single nucleotide polymorphisms were genotyped by restriction fragment length polymorphism. Similar to previous association studies, we mainly tested recessive genetic models. 
The allele frequencies of both the G1 and G2 APOL1 risk alleles were similar amongst all the groups. There was no difference in the two-risk allele frequency in CKD patients (10%) compared to controls (8.6%), p = 0.790. Carriage of two APOL1 risk alleles (vs. zero or one risk allele) was not associated with hypertension-attributed CKD (OR 0.849; 95% CI [0.255 to 2.831]; p = 0.790). Patients with CKD and first-degree relatives with and without APOL1 risk alleles had statistically indistinguishable blood pressures, creatinine and HDL-cholesterol levels.
Apolipoprotein L1 risk variants are present in black South Africans with similar frequencies between CKD patients, first-degree relatives and healthy controls. The lack of association of these variants with hypertension-attributed CKD in this population needs to be explored further in studies with larger sample sizes. 


























3.1 INTRODUCTION
Chronic kidney disease (CKD) is recognised as a global public health problem. African Americans have a threefold increase in the incidence of end stage kidney disease (ESKD) attributed to hypertension (Lipkowitz et al., 2013). Using mapping by admixture linkage disequilibrium, variants in the apolipoprotein L1 (APOL1) gene were shown to strongly associate with nondiabetic kidney disease in African Americans; two missense mutations in the APOL1 gene, rs73885319 and rs60910145 (referred to as G1) and a 6 base pair deletion rs71785313 (referred to as G2) (Tzur et al., 2010). Individuals with one risk allele (G1 or G2) had a slightly increased risk of CKD, while those with two-risk alleles had a 7- to 10-fold increased risk of focal segmental glomerulosclerosis and hypertensive ESKD (Tzur et al., 2010). The frequencies of the APOL1 risk variants differ among different populations of African descent. The APOL1 two-risk alleles are present in 10-15% of African Americans (Tzur et al., 2010) with the highest two-risk allele frequencies found in the Asante of Ghana (27%) and the Yoruba of Nigeria (25-28%) (Wasser et al., 2012, Tayo et al., 2013). As the frequency of these variants in African populations varies, their contribution to kidney disease is likely to vary (Tzur et al., 2010). First-degree relatives of patients with nondiabetic forms of ESKD have a high risk of developing CKD (Freedman et al., 2005) and were shown to have a high frequency of APOL1 risk variants, with 23% possessing two-risk alleles, which weakly predicted mild forms of kidney disease (urine albumin: creatinine ratio ≥ 300mg/g and estimated glomerular filtration rate <60ml/min per 1.73m2) (Freedman et al., 2012). We determined the prevalence and association of the APOL1 risk variants with hypertension-attributed CKD in black South Africans and tested the association of these variants with markers of kidney disease in their first-degree relatives.


3.2 METHODS
This was a case control study conducted at Charlotte Maxeke Johannesburg Academic Hospital and Chris Hani Baragwanath Academic Hospital, Gauteng Province, South Africa. Gauteng is the most populous province in South Africa with 13.4 million people, with black South Africans accounting for more than 80% of the population (Statistics South Africa, 2016). Ethical clearance was granted by the Human Research Ethics Committee of the University of the Witwatersrand, South Africa (Clearance certificate no M141192). Seventy one unrelated patients with clinically diagnosed hypertension-attributed CKD (age ≥ 18 years at disease onset) were recruited. Patients were considered as “black” South Africans if they self-reported all four grandparents as being black South African. Patients with diabetes mellitus and/or seropositivity for HIV were excluded. All available first-degree relatives (parents, siblings and offspring) were included. A total of 52 first-degree relatives from 42 families were recruited, comprising of 5 parents, 18 siblings and 29 children. We also included 58 geographically and ethnically matched healthy controls.  

3.2.1 Data collection
Blood pressure (BP) was measured using an automated digital monitor (Rossmax PA, USA). Fasting blood samples for creatinine (using the isotope dilution mass spectrometry traceable assay) total and high density lipoprotein (HDL) cholesterol were analyzed using a Cobas 6000 analyzer (Roche Diagnostics, Germany). Glomerular filtration rate (GFR) was estimated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation (Levey et al., 2009). Urine albumin and total protein were measured by the immunoturbidimetric assay (Cobas 6000, Roche Diagnostics, Germany). 
3.2.2 Apoliproprotein L1 gene single nucleotide polymorphism genotyping
Genomic DNA was extracted from whole blood samples using the Maxwell® automated nucleic acid extraction platform from Promega® (Madison, USA). Genotyping of the APOL1 G1 and G2 polymorphisms was determined by Polymerase Chain Reaction–Restriction Fragment Length Polymorphism (PCR-RFLP), using forward primer (5’-ACC AAC TCA CAC GAG GCA TT -3’) and reverse primer (5’-CTG CCA GGC ATA TCT CTC CT -3’). Cycling conditions for PCR: 95°C for 3 min, 40 cycles of 95°C for 15 s, 60°C for 15 s and 72°C for 20 s.

3.2.3 Statistical analysis
Data was analyzed using STATA v12.0 (Texas, USA). Categorical data were compared using chi-square test and continuous data using a Mann-Whitney and Kruskal Wallis test. The effect of APOL1 risk genotypes on kidney disease was tested using the Fisher’s exact test and by logistic regression adjusting for age and sex. Based on results from previous association results, we mainly tested recessive models (comparing individuals with two risk alleles, i.e. G1/G1, G1/G2 or G2/G2 against all others). However, we also tested other models (dominant, one versus zero and two versus zero). Since the study subjects were all obtained from a local, homogenous African population, ancestry adjustment was not performed (May et al., 2013). A 2-tailed p value of < 0.05 was considered statistically significant. 




3.3 RESULTS
This study included 181 participants of black South African ancestry, with the characteristics shown in Table 1. Median eGFR was significantly lower in patients with hypertension-attributed CKD (8 ml/min/1.73m2) compared with controls (120.5 ml/min/1.73m2) (p <0.001). However, there was no difference in the median eGFR between controls and first-degree relatives, p = 0.520. The median urine protein: creatinine ratio (UPCR) for patients with CKD was 0.095 g/mmol. Though both within normal ranges, median urinary albumin creatinine ratios (UACR) were significantly higher in first-degree relatives (1.5 mg/mmol) compared to controls (0.5 mg/mmol), (p = 0.037). Patients with hypertension-attributed CKD had significantly higher median mean arterial pressures (MAP) at 105 mmHg than controls (87 mmHg) (p <0.001), with 93% of patients with hypertension-attributed CKD being on antihypertensive medication. Of the first-degree relatives, 25% were known hypertensive, while a further 17% were diagnosed hypertensive during the recruitment period. First-degree relatives had a significantly higher median MAP of 94 mmHg compared to controls at 87 mmHg (p <0.001).

3.3.1 Allele and genotype distribution
The genotype distribution is shown in Table 2. The allele frequency of G1 was 10.7% in CKD patients compared to 14.6% in controls, p = 0.343. The allele frequency of G2 was 19.3% in CKD patients compared to 19% in controls, p = 0.948. There were statistically fewer G1 risk alleles in first-degree relatives (4%) compared to controls (14.6%), p = 0.008. However, the G2 allele frequency in first-degree relatives (20%) was similar to that in controls (19%) (p = 0.848).The two-risk alleles (G1:G1 or G2:G1 or G2:G2) frequency in CKD patients was 10% compared to 8.6% in controls, p = 0.790. Carriage of two copies of APOL1 renal risk alleles (vs zero or one risk allele) was not associated with hypertension-attributed CKD (OR 0.849; 95% CI, [0.255 to 2.831]; p = 0.790). In first-degree relatives, the concomitance of two-risk alleles was observed in 6%, which was not statistically different from controls (p = 0.604).
Forty percent of CKD patients carried one risk allele (WT/G1, WT/G2) compared to 50% of controls (p = 0.257). The majority of patients with CKD (50%) had zero APOL1 risk alleles which was similar to controls at 41% (p = 0.330). Fifty eight percent and 36% of first-degree relatives had zero and one risk allele, respectively. 
Patients with hypertension-attributed CKD patients with and without APOL1 risk alleles had statistically indistinguishable median systolic and diastolic BP, serum creatinine, age at CKD diagnosis, total cholesterol, HDL-cholesterol and UPCR (Table 3). 
Similarly, there were similar median levels of albuminuria, serum creatinine and eGFR among first-degree relatives of black South Africans with hypertension-attributed CKD, regardless of the presence of  two or less than two APOL1 risk variants (Appendix M, Table M1). Using dominant and additive genetic models, there were no differences observed in median systolic and diastolic BP, serum creatinine, HDL-cholesterol and proteinuria/albuminuria with various combinations of the APOL1 risk alleles in patients with hypertension-attributed CKD or in their first-degree relatives (Appendix M, Table M2 and Table M3). In a univariate analysis, there were no significant associations between APOL1 risk alleles (recessive genetic model) and systolic BP, diastolic BP, serum creatinine, CKD-EPI eGFR and HDL cholesterol. In both the unadjusted and adjusted models (adjusted for age and sex), association analysis between APOL1 genotypes and all renal parameters were non-significant (all p > 0.05). The presence of two APOL1 risk alleles vs. 0/1 risk alleles did not impact the risk of kidney disease.
Table 1 Characteristics of the study population

	Characteristics

	Hypertension-attributed CKD (N = 71)

	First-degree relatives
(N = 52)
	Control  
(N = 58)
	p-value*
	p-value#

	Male, N (%)
	46 (65%)
	17 (33%)
	26 (45%)
	0.023
	0.193

	Age, years
	48 (41-53)
	30 (21-49.5)
	41 (34-46)
	<0.001
	0.046

	BMI, kg/m2
	27.9 (24.3- 30.1)
	26.9 (24.6-33.0)
	28 (24.1-32.4)
	0.643
	0.853

	Systolic BP, mmHg
	141 (132-168)
	128.5 (119.5-148.5)
	118 (113-130)
	<0.001
	0.002

	Diastolic BP, mmHg
	86 (78-97)
	75.5 (71.5-88)
	72.5 (69-77)
	<0.001
	0.006

	MAP, mmHg
	105 (96-122)
	94 (88-109)
	87 (84-94)
	<0.001
	<0.001

	Serum creatinine, µmol/L
	769 (482-1116)
	75.5 (63.5-84)
	74 (65-83)
	<0.001
	0.853

	CKD-EPI eGFR, ml/min per 1.73 m2
	8 (4-12)
	116 (91-138.5)
	120.5 (99-130)
	<0.001
	0.409

	Total cholesterol, mmol/L
	4.19 (3.63-4.91)
	4 (3.61-5.2)
	4.28 (3.54-4.7)
	<0.001
	0.509

	HDL cholesterol, mmol/L
	1.05 (0.85-1.3)
	1.3 (1.1 -1.47)
	1.17 (1.0-1.38)
	0.051
	0.035

	Urine ACR mg/mmol
	N/A
	1.5 (0-4.2)
	0.5 (0-1.2)
	N/A
	0.037


Data given as the median (interquartile range) unless otherwise indicated.
*p-value: patients with hypertension-attributed CKD vs. controls
# p-value: first-degree relatives vs. controls
$N/A: not applicable
p-values from Pearson’s chi square and Kruskal-Wallis
Abbreviations: BMI, body mass index; BP, blood pressure; MAP, Mean Arterial Pressure; eGFR, estimated glomerular filtration rate; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; HDL, high density lipoprotein; ACR, urine albumin: creatinine ratio; N/A: not applicable.







Table 2 APOL1 genotype distribution 

	Genotype
	Hypertension-attributed CKDa
(N = 70)
	First-degree relativesb
(N = 50)
	Controls
(N = 58)

	0  risk allele
 G0/G0
	
35 (50) 
	
29 (58)
	
24 (41.4)


	1 risk allele
 G0/G1
 G0/G2
	
10 (14.3) 
18 (25.7) 

	
4 (8)
14 (28)
	
10 (17.2)
19 (32.8)

	2 risk allele
 G1/G2
 G1/G1
 G2/G2
	
5 (7.1) 
0
2 (2.9)
	
0
0
3 (6)
	
3 (5.2)
2 (3.4)
0


Data are given as n (%). 
aOne patient did not pass genotyping
bTwo participants did not pass genotyping














Table 3 Demographic and clinical characteristics of patients with hypertension-attributed CKD, based on the number of APOL1 nephropathy risk variants (Kruskal-Wallis* and recessive genetic model**)

	Characteristic
	0 APOL1 risk variants
	1  APOL1 risk variant
	2  APOL1 risk variants
	p-value* 
	p-value**

	N (%)
	35 (50)
	28 (40)
	7 (10)
	
	

	Male, n (%)
	20 (57)
	21(75)
	4 (57)
	0.311
	0.678

	Age, years

	48 (42-56)
	48 (42.5-53)
	41 (35-50)
	0.443
	0.217

	Age at  diagnosis of CKD, years

	44 (40-53)
	45.5 (40-52)
	40 (32-47)
	0.428
	0.193

	Systolic BP, mmHg

	143 (130-167)
	140.5 (136-168)
	110 (141-110)
	0.941
	0.922

	Diastolic BP, mmHg

	84 (78-97)
	88 (78-98.5)
	80 (61-101)
	0.775
	0.577

	Serum creatinine, µmol/L

	768 (505-1006)
	819 (499-1203)
	638 (390-1030)
	0.546
	0.417

	CKD-EPI eGFR, ml/min per 1.73 m2

	8 (4-12)
	6.5 (4-11.5)
	10 (4-14)
	0.762
	0.538

	Total cholesterol mmol/L

	4.2 (3.4-4.9)
	4.15 (3.63-4.97)
	4.13 (3.57-4.57)
	0.933
	0.754

	HDL, mmol/L

	0.98 (0.8-1.24)
	1.16 (0.84-1.41)
	0.92 (0.91-1.34)
	0.426
	0.682

	Urine PCR g/mmol

	0.1 (0.04-0.18)
	0.08 (0.06-014)
	0.09 (0.08-0.12)
	0.811
	0.972


Data given as the median (interquartile range) unless otherwise indicated.
Abbreviations: CKD, chronic kidney disease; BP, blood pressure; eGFR, estimated glomerular filtration rate; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; HDL, high density lipoprotein; PCR, protein: creatinine ratio.




3.4 DISCUSSION
We found a higher frequency of G1 risk allele (14.6%) in healthy black South Africans than previously reported. Previous reports in black South Africans reported an APOL1 G1 risk allele frequency of 7% (Kopp et al., 2011) and 7.3% (Kasembeli et al., 2015). The frequency of the APOL1 G2 risk allele (19%) was similar to that reported by Kopp et al, at 21%, although Kasembeli et al reported lower frequencies of the G2 allele, at 11% (Kopp et al., 2011, Kasembeli et al., 2015). In South Africans of Cape Mixed Ancestry who have high levels of non-African admixture, the G1 risk allele was found in 7% while the G2 risk allele was present in 5.8% of participants (Matsha et al., 2015). The Asante of Ghana and the Yoruba of Nigeria have the highest frequencies of the G1 (40%) and G2 (6 -17%) risk alleles (Ulasi et al., 2013). Though we found a higher frequency of G1 risk allele among healthy black South Africans, the frequency was much lower than that seen in west African populations, similar to previous reports in South African populations. In recent work by Cooper et al, in populations in Guinea and Uganda, both the G1 and G2 risk allele frequency were shown to be inversely correlated to longitude but not to latitude, with decreasing frequency from west to east across the continent (Cooper et al., 2017). The two-risk allele was present in 8.6% of healthy controls, which differs from the much lower frequency (1.9%) previously reported in black South Africans (Kasembeli et al., 2015). Among the Cape Mixed Ancestry population, Mantsha et al reported a 1% frequency of the two-risk allele (Matsha et al., 2015), while Ulasi et al reported a two risk allele frequency of 25-28% in the Yoruba of Nigeria (Ulasi et al., 2013). The prevalence of the two-risk allele was similar when comparing patients with hypertension-attributed CKD and controls and between first-degree relatives and controls. Logistic regression analysis under a recessive inheritance model did not show an association of APOLI two-risk alleles with hypertension-attributed CKD. The strong association between APOL1 and nondiabetic kidney disease and hypertensive ESKD has been replicated in some studies (Friedman et al., 2011, Parsa et al., 2013).  We were possibly unable to demonstrate some significant associations due to a small sample size. The diagnosis of hypertension-attributed CKD was a clinical diagnosis, with all cases being reviewed by a single nephrologist, using the same standardized diagnostic criteria. Misclassification of cases is possible in this sample as we lacked renal histopathology. The frequency of APOL1 risk variants reported in the black South African population is very low compared to that in West Africa (Kopp et al., 2011, Kasembeli et al., 2015, Matsha et al., 2015). This is possibly because the tsetse fly belt is far north of South Africa. African Trypanosomiasis, which causes “sleeping sickness” occurs in sub-Saharan Africa and is caused by parasites of the species Trypanosoma brucei which are transmitted by tsetse flies found in the east, central and west Africa (Brun et al., 2010). Trypanosome brucei evolved into three subspecies: Trypanosome brucei rhodesiense and Trypanosome brucei gambiense, which both infect man and Trypanosome brucei brucei which infects animals (Brun et al., 2010). T. b. rhodesiense and T. b gambiense are predominantly found in east and west Africa, respectively (Genovese et al., 2010). Apolipoprotein L (APOL1) is the main trypanolytic component of human trypanosome lytic factor (Vanhamme et al., 2003). T. b. rhodesiense and T. b gambiense are able to infect humans and cause sleeping sickness as they are resistant to lysis by human sera (Lecordier et al., 2009). This is due to the presence of a serum resistance-associated protein (SRA) which binds and inactivates APOL1 in the endosomal and lysosomal compartments, allowing the trypanosomes to continue to proliferate even though APOL1 is present (Vanhamme et al., 2003). Sera from patients with one copy of the G1 or G2 APOL1 risk variants is able to avoid neutralization by the SRA (Genovese et al., 2013). The presence of two copies of the APOL1 variants results in a significantly increased risk of nondiabetic kidney disease. It is hypothesized that in areas with high trypanosomiasis burdens, APOL1 variants rose to high frequency until homozygotes became relatively common (Friedman and Pollak, 2011). However, the APOL1 renal risk variants are common in west Africa, whereas T. b. rhodesiense is currently endemic in east Africa. The areas with high APOL1 allele frequencies today do not coincide with the present areas of T. b. rhodesiense infection. Southeastern Nigeria and Ghana, areas with highest APOL1 allele frequencies of G1 and G2 have very few cases of T. b. rhodesiense (Ulasi et al., 2013). The geographic distribution of the Trypanosoma subspecies in Africa could have changed over time, or there are other infectious agents other than T. b. rhodesiense that are responsible for the APOL1 evolution. Trypanosome lytic factors have broad anti-microbial properties and are able to lyse and kill Leishamania parasites, which causes leishmaniasis (Samanovic et al., 2009). It is postulated that apolipoproteins function as ionic channels of intracellular membranes (Vanhollebeke and Pays, 2006) and are involved in cholesterol metabolism (Kopp et al., 2011). We did not demonstrate any association between APOL1 risk variants and HDL cholesterol. Similarly, Foster et al did not observe significant associations with the APOL1 risk variants and HDL cholesterol (Foster et al., 2013).
A familial clustering of ESKD has been well established in African Americans, with many ESKD patients having close relatives on dialysis, others having silent kidney disease presenting with proteinuria and/or reduction in eGFR (Freedman et al., 1997, Freedman et al., 2005). First-degree relatives in our study had normal renal function, with a median eGFR of 115 (91-138) ml/min per 1.73 m2. Though the levels of albuminuria were within normal levels in both first-degree relatives and controls, they were significantly higher in first-degree relatives compared to controls. In the United Kingdom Prospective Diabetes Study, higher urinary albumin levels, while still within the normal ranges were independently associated with subsequent development of albuminuria or renal impairment in patients with type 2 diabetes who did not have albuminuria at baseline (Retnakaran et al., 2006). There was a very high prevalence of hypertension among the first-degree relatives, with 41.5% being hypertensive. These young first-degree relatives need to be followed up as both albuminuria and hypertension are independent risk factors for CKD.  
The strength of the study includes the description of APOL1 in an indigenous, native African population. Our study comprised of patients with a homogenous type of CKD. Asymptomatic first-degree relatives of ESRD index cases are more difficult to recruit than patients with CKD and are thus a unique resource. The limitations of this study include the case-control design, the relatively small sample size and absence of renal histopathology. Routine office BP was used as neither ambulatory BP nor home BP monitoring were feasible. Albuminuria was tested on a single urine sample; however longitudinal studies are currently underway to test the persistence and significance of the albuminuria and to determine the risk of progressive CKD. We did not perform Sanger direct sequencing which has been shown to be less prone to error than other genotyping methods. However, since its invention PCR-RFLP has been a vital genome analysis technique for genome mapping and genetic disease analysis, especially in developing countries where resources are limited.

3.5 CONCLUSION 
Our study provides evidence that APOL1 risk variants are present in black South Africans, though their frequency does not differ between patients with hypertension-attributed CKD, their first degree relatives and healthy black South Africans. The APOL1 two-risk variants were present in 10% of patients with hypertension-attributed CKD, 6% of their first-degree relatives and 8.6% of controls. The apparent lack of association of these APOL1 variants with hypertension-attributed CKD in this population needs to be explored further in studies with larger sample sizes. 















CHAPTER 4: JC VIRUS INTERACTS WITH APOL1 RISK ALLELES TO MODULATE THE RISK OF HYPERTENSION-ATTRIBUTED CHRONIC KIDNEY DISEASE IN BLACK SOUTH AFRICANS
ABSTRACT
Background and objectives
The polyomaviruses, JC and BK, infect humans, with primary infection occurring in childhood. First-degree relatives of African Americans with nondiabetic chronic kidney disease (CKD) who had two apolipoprotein L1 (APOL1) risk variants had a lower prevalence of kidney disease in the presence of JC viruria. 
This study determined the prevalence of polyomavirus infections and their effects, in the presence APOL1 risk alleles, on CKD.
Design, setting, participants, and measurements
Sixty four black South Africans with hypertension-attributed CKD with an eGFR ≤ 60ml/min/1.73m2, 44 first-degree relatives and 56 unrelated controls were included. Viral DNA was extracted from urine and genomic DNA from blood using Maxwell® automated platform. Viral-load quantification was determined using Genesig® polyomavirus kits. Genotyping of the APOL1 G1 and G2 variants was by Polymerase Chain Reaction–Restriction Fragment Length Polymorphism. 
Results
The prevalence of JC viruria was significantly higher in controls (39%) and first-degree relatives (25%) than in cases (3%, p < 0.001). The absence of JCV DNA was a strongly associated with CKD (OR 43.43; 95% CI [7.39 – 255.20]; p <0.001). When testing for an interaction between the absence of JC virus and the presence of one or two APOL1 risk alleles, there was no significant interaction observed. 
Conclusion 
There was a strong association between the absence of JC viruria and CKD, which was magnified in the presence of one or two APOL1 risk alleles. Studies with a larger sample are essential to determine the renoprotective effects of JCV and its interactions with APOL1.




















4.1 INTRODUCTION
The human polyomaviruses John Cunningham virus (JCV) and BK virus (BKV) are double stranded, non-enveloped DNA viruses (Rodrigues et al., 2007).  JCV was first isolated from the brain tissue of a patient with progressive multifocal encephalopathy (PML) (Padgett et al., 1971), while BKV was discovered in a kidney transplant patient with polyomavirus-associated nephropathy (Gardner et al., 1971). Primary infection usually occurs in childhood and is generally asymptomatic (Bofill-Mas et al., 2000), with the viruses remaining latent, mainly in the kidneys (Dubois et al., 2001). Latency is when the replication cycle of a virus, and expression of most or all antigens is quiescent but can reinitiate and is influenced by the virus itself, the infected cell and the immunological environment of the host (Virgin et al., 2009). The process of reactivation for most viruses, include the polyomaviruses is incompletely understood (Virgin et al., 2009). In immunocompetent persons, reactivation of latent polyomavirus can occur without any functional impairment in kidney function, resulting in asymptomatic viruria (Zhong et al., 2007). In immunosuppressed patients, polyomavirus infection typically results in morphological changes and functional impairment and in renal graft recipients, BKV may be associated with ureteric stenosis (Coleman et al., 1978) and interstitial nephritis (Nickeleit et al., 1999). In the pre-AIDS era, PML was very rare, occurring mainly in patients with lymphoproliferative disorders, but subsequently occurred in approximately 5% of all AIDS patients before highly active antiretroviral therapy became available (Jeong et al., 2004, Agostini et al., 2001).
Apolipoprotein L1 (APOL1) risk variants are strongly associated with non-diabetic kidney disease in African Americans (Genovese et al., 2010, Tzur et al., 2010, Kopp et al., 2011). Not all individuals who are at high genetic risk due to the presence of two APOL1 risk variants develop kidney disease, thus there could be modifying factors (renal or uroepithelial viral infections or additional genes) which interact with APOL1 to modify the risk for the development of kidney disease (Bostrom et al., 2012). In a study on first-degree relatives of African-Americans with non-diabetic nephropathy, the prevalence of kidney disease was lower in participants at increased risk of APOL1-associated nephropathy (two APOL1 risk variants) who also had JC viruria, suggesting that JCV may interact with APOL1 genotypes to modulate kidney disease risk (Divers et al., 2013). This study aimed to determine the prevalence of JCV and BKV infection and the effect of these viruses, together with APOL1 risk alleles on hypertension-attributed chronic kidney disease (CKD) in black South Africans.

4.2 METHODS	
This was a case control study conducted at Charlotte Maxeke Johannesburg Academic Hospital and Chris Hani Baragwanath Academic Hospital, Johannesburg, South Africa, in accordance with the Declaration of Helsinki. Ethical clearance was granted by the Human Research Ethics Committee of the University of the Witwatersrand (Clearance certificate no M141192), and study participants were recruited after providing written informed consent. Unrelated patients with hypertension-attributed CKD (age ≥18 years at disease onset) were recruited. The diagnosis of hypertension-attributed CKD was a clinical diagnosis based on typical features as assessed by the treating physician (presence of hypertension or use of antihypertensive agents, mild or no proteinuria [proteinuria ≤ 2.2 g/24h]) (Wright et al., 1996) or typical histological changes of hypertensive nephrosclerosis if a kidney biopsy was available. Patients with diabetes mellitus and/or seropositivity for HIV were excluded. First-degree relatives (parents, siblings and offspring) of the CKD patients were invited to participate. A total of 52 first-degree relatives from 42 families were recruited, comprising of 5 parents, 18 siblings and 29 children. None of the relatives were known to have CKD. Also included were ethnically matched healthy controls with normal kidney function and a negative HIV test. Seventeen individuals were excluded from the analysis due to unavailability of urine samples or genotyping failure. 
4.2.1 Clinical parameters
Blood samples for serum creatinine, using the isotope dilution mass spectrometry traceable assay were analyzed using a Cobas 6000 analyzer (Roche Diagnostics, Germany). Glomerular filtration rate (GFR) was estimated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation (Levey et al., 2009). 
4.2.2 Urine samples and DNA extraction
Fresh urine samples (30-50ml) were stored at -80° C until DNA extraction. Nucleic acid extraction of 300µL of urine was performed using the Maxwell® 16 Viral Total Nucleic Acid Purification Kit (Promega®, Madison, USA), according to the manufacturer’s instructions.
4.2.3 Polyomavirus detection
JCV and BKV specific non-coding regulatory region Genesig® Standard Kits (Genesig® Chandler’s Ford, UK) were used for detection and quantification of JCV and BKV genomes, respectively. The primers and probes are proprietary and have 100% homology with a broad range of JCV and BKV sequences. The PCR cycling conditions were 95°C for 5 min, followed by 50 cycles of 95°C for 15 s and 60°C for 60s. To generate standard curves, quantification cycle (Cq) values were obtained from serial dilutions (10-106 copies) of positive controls provided by the manufacturer (Genesig® Chandler’s Ford, UK). Quantitative viral DNA concentrations (copies/ml) were calculated using the Cq of the sample, standard curve parameters, extracted sample volume and total volume amplified.
4.2.4 Apoliproprotein L1 gene single nucleotide polymorphism genotyping
Genomic DNA was extracted from whole blood samples using the Maxwell® automated nucleic acid extraction platform from Promega® (Madison, USA). Genotyping of the APOL1 G1 and G2 polymorphisms was determined by Polymerase Chain Reaction–Restriction Fragment Length Polymorphism (PCR-RFLP). In brief, a 420bp product was amplified using forward primer (5’-ACC AAC TCA CAC GAG GCA TT -3’) and reverse primer (5’-CTG CCA GGC ATA TCT CTC CT -3’) and KAPA2G Robust HotStart ReadyMix PCR Kit (Kapabiosystems, Boston, Massachusetts). Cycling conditions for PCR: 95°C for 3 min, 40 cycles of 95°C for 15 s, 60°C for 15 s and 72°C for 20 s. The three APOL1 SNPs rs73885319, rs60910145 and rs71785313, were genotyped by RFLP analysis using restriction enzymes HindIII, Nspl and MluCI, respectively followed by resolution on 1.5% agarose gels.

4.2.5 Statistical analysis
Data was analyzed using STATA v12.0 (Texas, USA). Principal component analysis was used to analyze socio-economic status (SES), based on variables strongly related to socio-economic status in South Africa, namely employment status, education level attained, presence of an indoor toilet, sewerage collection, annual income, type of transport and housing characteristics (McIntyre et al., 2002). The Shapiro-Wilk’s test was used to test for normality resulting in JC and BK viral loads being modelled using a logarithmic transformation. Continuous variables were expressed as mean ± standard deviation (SD) or as medians and interquartile ranges (IQR) and discrete variables reported as percentages. Categorical data were compared using chi-square test and continuous data using Mann-Whitney, Kruskal Wallis or t-tests as appropriate. Logistic regression models were fitted to test for the association between the presence of polyomavirus and kidney disease, defined as CKD-EPI eGFR <60ml/min per 1.73 m2, adjusting for age, sex, and socioeconomic status.  A 2-tailed p value of <0.05 was considered statistically significant.

4.3 RESULTS
The clinical and demographic characteristics of the 164 participants of black South African ancestry are shown in Table 1. Patients with hypertension-attributed CKD, referred to herein as cases, had advanced kidney disease with a median (IQR) eGFR of 8 (4 – 13) ml/min/1.73m2, which was significantly lower compared to controls (eGFR 122 (100 – 130) ml/min/1.73m2)); p <0.001. There was no significant difference in median eGFR between controls and first-degree relatives (122 and 116 ml/min/1.73m2, respectively; p = 0.58). There were statistically significant differences in SES scores between cases and controls (p = 0.01) but not between first-degree relatives and controls (p = 0.05) (as shown in Table 1) or between cases and first-degree relatives; p = 0.42 (results for the PCA shown in Appendix N). 

4.3.1 Polyomavirus study
Polyomavirus virus prevalence data is shown in Table 1. Polyomavirus DNA was detected in 26% of participants. The overall prevalence of JC viruria was higher at 21% compared to that of BK viruria at 7%. Simultaneous BK and JC viruria occurred in only 2% of participants. The prevalence of JC viruria was significantly higher in controls compared to cases, (39% vs. 3%; p <0.001) and between first-degree relatives and cases (25% vs. 3%; p = 0.001). However, there was no difference in the prevalence of JC viruria between controls and first-degree relatives (p = 0.13). No difference in prevalence of JC viruria was apparent between men and women (p = 0.68), nor between participants <30 years compared to those ≥30 years (p = 0.73). BK viruria was not present in any of the cases. There was no significant difference in the prevalence of BK viruria between controls (7%) and first-degree relatives (16%); p = 0.20.
There were no significant differences in mean JC viral loads between cases and controls, at 2.3 log10 copies/ml and 5.4 log10 copies/ml, respectively (p = 0.26) or between first-degree relatives and controls at 5.1 log10 copies/ml and 5.4 log10 copies/ml, respectively (p = 0.84). BK viral loads were similar in first-degree relatives compared to controls (3.6 vs. 4.6 log10 copies/ml; p = 0.36).

4.3.2 APOL1 genotype 
The majority of participants had 0 or 1 risk alleles. The two-risk allele (G1:G1 or G2:G1 or G2:G2) frequency was 11% in cases compared to 9% in controls; p = 0.71. In first-degree relatives, the concomitance of two-risk alleles was observed in 5%, which was not statistically different from controls (p = 0.46).

4.3.3 Association analyses
Table 2 presents the association analyses for the risk of hypertension-attributed CKD. Older individuals had a slightly increased odds of kidney disease (OR 1.10, 95% CI [1.06 to 1.15]; p <0.001, adjusted model). Females had a lower risk of kidney disease (OR 0.26, 95% CI [0.11 to 0.59]; p = 0.001, adjusted model) as did participants with higher socioeconomic status (OR 0.78, 95% CI [0.61 to 1.00]; p = 0.05, adjusted model). Association analyses between the risk of kidney disease and two APOL1 risk alleles was non-significant (OR 3.19, 95% CI [0.74 to 13.75]; p = 0.12, adjusted model).
The absence of JCV DNA was strongly associated with hypertension-attributed kidney disease (OR 15.27; 95% CI [3.52 to 66.31]; p <0.001), with even higher odds ratio of 43-fold after correcting for age, sex, socioeconomic status and the number of APOL1 risk alleles.
When testing for an interaction between the absence of JC virus and the presence of one or two APOL1 risk alleles, there was no significant interaction observed. 


















Table 1 Characteristics of the study population 
	Characteristics

	Cases
(N = 64)
	First-degree relatives
(N = 44)
	Controls  
(N = 56)
	p-value*
	p- value#

	Male, N (%)
	42 (66%)
	16 (36%)
	26 (46%)
	0.03
	0.31

	Age, years
	48 (41-54)
	30 (21-47)
	41 (34-46)
	<0.001
	0.03

	Serum creatinine, µmol/L
	752 (481-1023)
	76 (65-85)
	74 (65-83)
	<0.001
	0.66

	CKD-EPI eGFR, ml/min per 1.73 m2
	8 (4-13)
	116 (91-138)
	122 (100-130)
	<0.001
	0.58

	PCA SES Score‡
	-0.6 (-1.5 – 0.8)
	-0.2 (-1.1 – 0.7)
	0.3 (-0.8 – 1.9)
	0.01
	0.05

	
JCV only

	JCV positive, N (%)
	2 (3%)
	9 (20%)
	20 (36%)
	<0.001
	0.28

	JCV negative, N (%)
	62 (97%)
	33 (75%)
	34 (61%)
	
	

	
BKV only

	BKV positive, N (%)
	0
	5 (11%)
	2 (4%)
	0.04
	0.30

	BKV negative, N (%)
	64 (100%)
	37 (84%)
	52 (93%)
	
	

	Coinfection (JCV+BKV)

	0
	2 (5%)
	2 (4%)
	
	

	Log JCV viral load, mean (SD)a
	2.3 (0.9)
	5.1 (3.6)
	5.4 (3.7)
	0.26
	0.84

	Log BKV viral load, mean (SD)a
	UDb
	3.6 (1.3)
	4.6 (2.0)
	N/A
	0.36

	
APOL1 genotypes

	0  risk allele
 G0/G0 (%)
	
34 (53%)
	
24 (43%)
	
24 (43%)
	
0.26
	
0.25

	1 risk allele
 G0/G1 (%)
 G0/G2 (%)
	
9 (14%) 
14 (22%) 

	
4 (9%)
14 (32%)
	
9 (16%)
18 (32%)
	
0.17
	
0.47

	2 risk allele
 G1/G2 (%)
 G1/G1 (%)
 G2/G2 (%)
	
5 (8%) 
0
2 (3%)
	
0
0
2 (5%)
	
3 (5%)
2 (4%)
0
	
0.71
	
0.46


Data presented as median (IQR), mean ± SD or n (%), as appropriate
*p-value: cases vs. controls
# p-value: first-degree relatives vs. controls
‡Principal Component Analysis Socio-economic Status Score
P-values from Pearson’s chi square, Kruskal-Wallis, Fisher’s exact tests and t-test 
aViral loads (log10 copies/ml) in participants with active replication
bUndetected
Abbreviations: CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration.
Table 2: Risk of hypertension-attributed chronic kidney disease

	Characteristic
	Unadjusted
	
	Adjusted*

	
	Odds Ratio (95% CI)
	p-value
	
	Odds Ratio (95% CI)
	p-value

	Age, Years
	
	
	
	
	

	Linear Trend
	1.07 (1.04 - 1.11)
	<0.001
	
	1.10 (1.06 - 1.15)
	<0.001

	Sex
	
	
	
	
	

	Male
	1 (Ref)
	
	
	1 (Ref)
	

	Female
	0.38 (0.20 - 0.73)
	0.004
	
	0.26 (0.11 - 0.59)
	0.001

	
	
	
	
	
	

	Socio-economic Status
	
	
	
	
	

	Linear trend
	0.81 (0.66 – 0.99)
	0.04
	
	0.78 (0.61 - 1.00)
	0.05

	
	
	
	
	
	

	ApoL1 risk alleles
	
	
	
	
	

	0 risk alleles
	1 (Ref)
	
	
	1 (Ref)
	

	1 risk alleles
	0.72 (0.37 - 1.41)
	0.34
	
	0.83 (0.35 - 1.96)
	0.66

	2 risk alleles
	1.41 (0.45 – 4.40)
	0.55
	
	3.19 (0.74 - 13.75)
	0.12

	
	
	
	
	
	

	JC Virus
	
	
	
	
	

	Present
	1 (Ref)
	
	
	1 (Ref)
	

	Absent
	15.27 (3.52 – 66.31)
	<0.001
	
	43.43 (7.39 - 255.20)
	<0.001


*Adjusted for age, sex, socio-economic status, APOL1 risk alleles and JC virus




4.4 DISCUSSION  
This is the first study to evaluate the prevalence and role of polyomaviruses as potential modifiers for the initiation of hypertension-attributed CKD in black South Africans. The prevalence of JCV infection was higher in controls and first-degree relatives, groups which had normal kidney function, compared to cases. The urinary JCV prevalence rate of 39% in healthy, immunocompetent individuals is higher than that reported in healthy individuals in Taiwan (13%) (Tsai et al., 1997) and Brazil (22.4%) (Pires et al., 2011), but lower than that reported in Italy (46%) (Pagani et al., 2003). In our study, there was a significantly lower prevalence of JC viruria in CKD cases (3%) compared to controls, similar to results obtained in a Brazilian study, where there was a lower prevalence of JC viruria in cases with end stage kidney disease (3.9%) compared to controls with normal kidney function (20.1%) (Pires et al., 2011). BKV DNA was not present in any of the cases in our cohort and was present at much lower frequencies compared to JCV DNA in both the controls and first-degree relatives. In a study in kidney transplant recipients, infection with one polyomavirus was negatively associated with infection by the other virus, possibly through direct inhibition or competition for the same molecular pathways involved in DNA replication (Cheng et al., 2011). 
JCV and BKV are excreted in the urine and are transmitted by the oro-fecal route (through contamination from urine), with transmission occurring through the ingestion of contaminated water and foods (Bofill-Mas et al., 2001). Sewage samples taken from Barcelona (Spain), Pretoria (South Africa), Umeå (Sweden) and Nancy (France) were tested for polyomaviruses; of all the samples tested, 96% were positive for JCV and 77.8% were positive for BKV, all at high concentrations (Bofill-Mas et al., 2000). The high prevalence of urinary polyomavirus excretion in our study is consistent with these results, suggesting that inhabitants of urban areas are exposed to these viruses. Transmission usually occurs inside the family or from closely related people (Bofill-Mas et al., 2000, Kitamura et al., 1994). It is intriguing that in our study we found lower polyomavirus prevalence rates in cases compared to their first-degree relatives, though they were of similar socioeconomic status. 
The presence of JC viruria was protective, with 43-fold higher odds of developing kidney disease in those without, than in those with evidence of JC viruria, after adjusting for age, sex, socioeconomic status and APOL1 risk variants. The role of urinary JCV in the risk of APOL1-associated nephropathy was first suggested by Divers et al, where they showed that elevated plasma cystatin C concentrations and albuminuria were significantly less common in those participants with two APOL1 risk variants who also had JCV replication in the urine (Divers et al., 2013). Recently, it was shown that African Americans with evidence of JC viruria had a 63% lower risk of CKD compared to those without JC viruria, further validating the inverse relationship between urinary presence for JC viruria and nondiabetic CKD (Freedman et al., 2018). Similar to our results, APOL1 high-risk genotypes did not have an effect on the association of JC viruria and CKD protection (Freedman et al., 2018).  Thus the renoproprotective effect of JC viruria is present in both APOL1 (Divers et al., 2013) and non-APOL1- associated forms of kidney disease (Freedman et al., 2018). 
The molecular mechanism by which JCV might be renoprotective on its own and its further interaction with APOL1 to modulate the risk of hypertension-attributed CKD remains unknown. It has been suggested that in APOL1-associated nephropathy, gene-gene and gene-environment interactions are required to initiate kidney disease (Bostrom et al., 2012). In the setting of HIV-associated nephropathy, HIV acts as an important environmental factor, inducing APOL1- mediated kidney disease by triggering the immune system and activating exogenous interferons that result in increased apolipoprotein expression in cells, leading to the development of kidney disease (Nichols et al., 2015).  It has been hypothesized that JCV could be renoprotective by inhibiting subsequent infection with other nephrotoxic viruses (Divers et al., 2013).The function of apolipoprotein is currently under investigation, but it is postulated to have a role in apoptosis (Vanhollebeke and Pays, 2006). By interfering with gene transcription in the kidneys, JCV could affect pathways involved in apoptosis and autophagy which involve APOL1 (Divers et al., 2013). Inflammation has been shown to have a role in the progression of CKD (Anders and Ryu, 2011). An enhanced host immune response could result in the eradication of JC virus from the kidney, at the expense of an increased risk of CKD. 
Our study had several limitations, which included a relatively small sample size. As we only included patients with CKD attributed to hypertension, it would be important to include cases with CKD from diverse etiologies and with participants at earlier stages of CKD. Most of the controls and first-degree relatives had a single visit and were relatively young, however longitudinal follow-up studies are currently underway as some relatives might develop CKD in the future.  It is possible that the volume of urine used for isolation of DNA may lead to lower detection rates. However, the volume of urine used in our study is similar or larger than that used in previous studies (Jeong et al., 2004). Furthermore, the cases were recently diagnosed with CKD with a median (IQR) time from diagnosis of kidney disease to recruitment of 11 (6-31) months. Urea has been shown to be a major inhibitory component of urine, inhibiting the amplification of  both BKV DNA (Behzadbehbahani et al., 1997) and cytomegalovirus DNA (Khan et al., 1991). There could be a reduction in viral loads in samples from cases, due to tubular atrophy and glomerular sclerosis as most of our cases had advanced kidney disease with a median eGFR of 8 (4-13) ml/min/1.73m2. However, we used real-time PCR to detect viral nucleic acids which is a sensitive amplification technique (Kitamura et al., 1994, Zhong et al., 2007). We did not test for polyomavirus replication in plasma as polyomavirus viremia is rare.  

CONCLUSION 
The study shows a very strong association between the absence of JC viruria and hypertension-attributed CKD. There was no significant interaction observed between the absence of JC virus and the presence of one or two APOL1 risk alleles. Future studies with larger sample sizes are essential to replicate these findings and to determine the exact mechanisms of the renoprotective effect of JCV infection and its interactions with APOL1. 










CHAPTER 5: URINARY UROMODULIN LEVELS ASSOCIATE WITH HYPERTENSION-ATTRIBUTED CHRONIC KIDNEY DISEASE IN BLACK SOUTH AFRICANS
ABSTRACT
Background
Uromodulin, the most abundant protein in urine, is synthesized in the thick ascending loop of Henle. Patients with chronic kidney disease (CKD) have reduced urinary uromodulin levels secondary to tubular damage. Genome wide association studies identified significant single nucleotide polymorphism (SNP) associations with CKD at the uromodulin (UMOD) locus. We examined the association of urinary uromodulin concentrations with CKD and with the SNP rs1333226 in the UMOD gene. 
Methods
The study included 71 black South Africans with hypertension-attributed CKD with an eGFR ≤ 60ml/min/1.73m2, 52 first-degree relatives and 58 unrelated controls. Urinary uromodulin concentration was measured using Luminex® multiplex kits. After DNA extraction from blood using the Maxwell® automated platform, genotyping of rs13333226 was performed using real-time PCR using TaqMan® genotyping assays.
Results
Urinary uromodulin levels were significantly lower in CKD cases compared to both controls and first-degree relatives and correlated negatively with age, serum uric acid, serum creatinine and systolic BP and positively with CKD-EPI eGFR. For each 1-standard deviation increase in uromodulin level, the multivariable-adjusted odds ratio for CKD was 0.6 (95% CI [0.48 to 0.81]; p <0.01). There were no significant differences in the minor allele frequency between CKD cases and controls (p = 0.59) nor between first-degree relatives and controls, (p = 0.98). There were no significant associations between genotype at rs13333226 and urine uromodulin levels (p = 0.43). 
Conclusion
Higher levels of urinary uromodulin are associated with lower odds of hypertension-attributed CKD. We did not detect associations of genotype at rs13333226 with urinary uromodulin levels in our sample population. Larger sample size studies from ethnically disparate populations are essential to further categorize this association.











5.1 INTRODUCTION
Tamm-Horsfall protein (THP), a mucoprotein that inhibits hemagglutination of viruses, was first discovered in the urine of healthy adults by Tamm and Horsfall in 1952 (Tamm and Horsfall, 1952). Thirty years later, uromodulin, a glycoprotein which inhibits in-vitro assays of human T-cell and monocyte activity was purified from urine (Muchmore and Decker, 1985). Using characterization of complementary DNA and genomic clones, THP and uromodulin were found to be the same glycoprotein (Pennica et al., 1987). Mutations in the uromodulin (UMOD) gene cause autosomal dominant kidney diseases, medullary cystic kidney disease 2 (MCKD2) and familial juvenile hyperuricemic nephropathy (FJHN), which present with juvenile onset of polyuria, hyperuricemia, gout and progressive nephropathy (Hart et al., 2002). 
Uromodulin is synthesized exclusively by the epithelial cells lining the thick ascending loop of Henle (TAL) (Serafini-Cessi et al., 2003) and is the most abundant protein in urine (Rampoldi et al., 2011, Lynn and Marshall, 1984, Hart et al., 2002). Urinary uromodulin levels are reduced in patients with kidney disease (Lynn and Marshall, 1984), due to a reduction in secretion from  damaged tubules (Prajczer et al., 2010). 
The first genome wide association study (GWAS) on chronic kidney disease (CKD) identified single nucleotide polymorphism (SNP) in significant associations with CKD at the UMOD locus (Kottgen et al., 2009). Four loci were identified in association with eGFRcrea, of which the strongest association was for SNP rs129177070, with the minor T allele associated with a 20% reduction in the risk of CKD (Kottgen et al., 2009). In a GWAS on hypertension, the minor G allele of rs133333226 in the UMOD gene was associated with a lower risk of hypertension, reduced urinary uromodulin excretion and better renal function (Padmanabhan et al., 2010). 
The objectives of our study were to investigate the relationship and association of urinary uromodulin levels with SNP rs1333226 in the UMOD gene. 

5.2 METHODS
This was a case control study conducted at Charlotte Maxeke Johannesburg Academic Hospital and Chris Hani Baragwanath Academic Hospital, Gauteng Province, South Africa. Ethical clearance was granted by the Human Research Ethics Committee of the University of the Witwatersrand, South Africa (Clearance certificate no M141192), and study participants were recruited after providing written informed consent. Seventy one unrelated patients with clinically diagnosed hypertension-attributed CKD (age ≥ 18 years at disease onset) were recruited. Patients were considered as “black” South African if they self-reported all four grandparents as being black South African. Patients with diabetes mellitus and/or seropositivity for HIV were excluded. All available first-degree relatives (parents, siblings and offspring) were included. A total of 52 first-degree relatives from 42 families were recruited, comprising of 5 parents, 18 siblings and 29 children. Also included were geographically and ethnically matched healthy controls.  

5.2.1 Clinical parameters
Blood pressure (BP) was measured using an automated digital monitor (Rossmax PA, USA), after 5 min of rest, in the right arm and in a sitting position. Three consecutive BP readings were obtained using an appropriately sized cuff, 30-60s apart. Hypertension was based on a history of physician diagnosed hypertension and/or receiving medications for hypertension or average systolic blood pressure ≥ 140 and/or average diastolic blood pressure ≥ 90 mmHg in adults ≥ 18 years.
Fasting serum samples for serum creatinine (using the isotope dilution mass spectrometry traceable assay) and serum uric acid were analyzed using a Cobas 6000 analyser (Roche Diagnostics, Germany). Glomerular filtration rate (GFR) was estimated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation (Levey et al., 2009). 

5.2.2 Uromodulin measurements
All spot urine samples were aliquoted immediately after collection and stored at -80°C before analysis. Urinary uromodulin concentrations were measured using Luminex® Performance Assay multiplex kits (R & D Systems, Inc., Minneapolis, USA). Samples were diluted 1:4000. Fluorescence e for uromodulin was read in bead region 64 on the Bio-PlexTM 200 system (Bio-Rad, Texas, USA) and concentrations were generated automatically with Bio-PlexTM manager software, version 5.0 (Bio-Rad Laboratories Inc, Hercules, USA).

5.2.3 Genomic DNA extraction 
Genomic DNA was extracted from whole blood using the salting out procedure (Miller et al., 1988) and the Maxwell® automated nucleic acid extraction platform from Promega® (Madison, USA), according to the manufacturer’s instruction. 



5.2.4 Polymerase chain reaction (PCR) amplification and sequence analysis
Genotyping of rs13333226 was performed using TaqMan® SNP genotyping assays (Applied Biosystems, Foster City, USA). The sequence for the primer is as follows: GTCAAAGAGGTAGCACAGCTGTAGG[A/G]ATATTGACTCCTCTTCCCAAACAGC
Assays were run at a final volume of 25 µL consisting of 13.75 µL of TaqMan® Universal PCR Master Mix (Applied Biosystems, Foster City, USA) and 11.25 µL of the sample DNA.Thermocycling conditions included an initial enzyme activation step at 95°C for 10 min and 50 cycles of denaturation at 95°C for 15 s and annealing and extension at 60°C for 60 s. All PCR reactions and allelic discrimination reactions were performed using an ABI 7500 Real-Time PCR system (ABI, Foster City, USA). Genotype clustering and calling were performed using Sequence Detection System (SDS) software version 2.3 (ABI, Foster City, USA).

5.2.5 Statistical analysis
Data were analyzed using STATA v12.0 (Texas, USA). The Shapiro-Wilk’s test was used to test for normality resulting in uromodulin levels being modelled using a logarithmic transformation to improve normality. Continuous variables were expressed as means ± standard deviations (SD) or as medians and interquartile ranges (IQR) and discrete variables reported as percentages. Categorical data were compared using chi-square test and continuous data using Mann-Whitney, Kruskal Wallis, analysis of variance (ANOVA) or t-tests as appropriate. Logistic regression models were fitted to test for the association between the risk of kidney disease, defined as CKD-EPI eGFR <60ml/min per 1.73 m2 and each outcome. The chi-square test was used to determine significant differences in allele/genotype frequencies in the UMOD gene between CKD cases and controls, between first-degree relatives and controls and between CKD cases and first-degree relatives. Genotype distribution was analyzed under additive genetic models using the Kruskal-Wallis test. P <0.05 was considered statistically significant.

5.3 RESULTS
5.3.1 Baseline Characteristics
We recruited a total of 181 participants (71 patients with hypertension-attributed CKD, herein referred to as CKD cases, 52 first-degree relatives and 58 controls). Demographic and clinical information of the participants is shown in Table 1. There were statistically significant differences in age between CKD cases and controls (p <0.001) and between first-degree relatives and controls (p = 0.046). Median eGFR was significantly lower in CKD cases (8 ml/min/1.73m2) compared to controls (121 ml/min/1.73m2), p <0.001. However, there was no difference in the median eGFR between first-degree relatives and controls, p = 0.409. Cases with CKD had significantly higher systolic and diastolic BP compared to controls (p <0.001), though 93% of CKD cases were on antihypertensive therapy. Of the first-degree relatives, 24.5% were known hypertensive, while a further 17% were diagnosed with hypertension during the recruitment period. First-degree relatives had significantly higher systolic and diastolic BP compared to controls (p = 0.002 and p = 0.006, respectively).




5.3.2 Urinary Uromodulin levels
Urine samples were available in 166 (92%) participants (65 CKD cases, 46 first-degree relatives and 55 controls). The mean log uromodulin (µg/ml) levels were significantly lower in CKD cases (-0.4 ± 1.9) compared to controls (1.1 ± 1.7), (p <0.001), as shown in Table 1. The mean log uromodulin levels were similar when comparing first-degree relatives (0.9 ± 1.2) and controls (1.1 ± 1.7), (p = 0.524), both of whom had normal kidney function.  Log uromodulin levels weakly and negatively correlated with serum uric acid levels (rs = -0.33, p <0.001), serum creatinine (rs = -0.39, p <0.001) and systolic BP (rs = -0.23, p = 0.004). There was a weakly positive correlation between uromodulin levels and CKD EPI eGFR (rs = 0.36, p <0.001). For each 1-standard deviation increase in uromodulin level, the multivariable-adjusted odds ratio for CKD was 0.6 (95% CI [0.48 to 0.81]; p <0.001; Table 2).

5.3.3 UMOD SNP rs13333226 
A total of 180 (99%) participants were successfully genotyped. Allele and genotype frequencies are presented in Table 1. We found no significant differences in the allele frequency (A, G) between CKD cases and controls (p = 0.592), between first-degree relatives and controls, (p = 0.983) or between CKD cases and first-degree relatives (p = 0.625). There were no significant differences in genotype frequencies (AA/AG/GG) between CKD cases and controls (p = 0.868), between first-degree relatives and controls (p = 0.766) or between CKD cases and first-degree relatives (p = 0.592).
Among CKD cases, there were no differences in systolic BP, diastolic BP, serum creatinine and serum uric acid levels based on genotype (AA/AG/GG) (all p >0.05), Table 5.3. For first-degree relatives, there were no differences in systolic BP, diastolic BP, serum creatinine, serum uric acid and uromodulin levels based on genotype (AA/AG/GG), all p >0.05 (Table 5.4). 

5.3.4 SNP rs13333226 and Log uromodulin levels
Only the 166 participants who had both urinary uromodulin levels and genotype data were included in this analysis. Genotype at rs13333226 was not associated with uromodulin levels (p = 0.430). On post-hoc analysis, among CKD cases, we found significant differences in uromodulin levels based on genotype, with cases homozygous for the minor A allele having higher uromodulin levels compared to those homozygous for the ancestral G allele (p = 0.05). There were no differences observed among those with the AA vs. AG or between GG vs. AG genotypes (all p >0.05). 














Table 1 Characteristics of the study population

	Characteristics

	CKD Cases 
(N = 71)

	First-degree relatives
(N = 52)
	Controls  
(N = 58)
	p- value*
	p-value#

	Male, N (%)
	46 (65%)
	17 (33%)
	26 (45%)
	0.023
	0.193

	Age, years
	48 (41-53)
	30 (21-50)
	41 (34-46)
	<0.001
	0.046

	BMI, kg/m2
	28 (24- 30)
	27 (25-33)
	28 (24-32)
	0.634
	0.853

	Systolic BP, mmHg
	141 (132-168)
	129 (120-149)
	118 (113-130)
	<0.001
	0.002

	Diastolic BP, mmHg
	86 (78-97)
	76 (72-88)
	73 (69-77)
	<0.001
	0.006

	Serum creatinine, µmol/L
	769 (482-1116)
	76 (64-84)
	74 (65-83)
	<0.001
	0.853

	Serum uric acid mmol/L, 
	0.5 (0.4-0.6)
	0.3 (0.3- 0.3)
	0.3 (0.3-0.4)
	<0.001
	0.105

	CKD-EPI eGFR, ml/min per 1.73 m2
	8 (4-12)
	116 (91-139)
	121 (99-130)
	<0.001
	0.409

	Log Uromodulin concentration (µg/ml), mean ± SD
	-0.4 ±1.9
	0.9 ± 1.2
	1.1 ± 1.7
	<0.001
	0.524

	Rs13333226 genotype frequencies (AA, AG, GG), %
	35, 44, 21
	43, 35, 22
	40, 41,19
	0.868
	0.766

	Rs13333226 allele frequency (A, G), %
	57, 43
	60, 40
	60, 40
	0.592
	0.983


Data presented as median (IQR), mean ± SD or n (%), as appropriate
*p-value: CKD cases vs. controls
# p-value: first-degree relatives vs. controls
P-values from Pearson’s chi square, Kruskal-Wallis and t-test 
Abbreviations: BMI, body mass index; BP, blood pressure; eGFR, estimated glomerular filtration rate; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration.





Table 2: Risk of developing chronic kidney disease

	Characteristic
	Unadjusted
	
	Adjusted*

	
	Odds Ratio (95% CI)
	p-value
	
	Odds Ratio (95% CI)
	p-value

	Age, Years
	
	
	
	
	

	Linear Trend
	1.06 (1.03 - 1.09)
	<0.001
	
	1.02 (1.00 - 1.06)
	<0.001

	
	
	
	
	
	

	Sex
	
	
	
	
	

	Male
	1 (Ref)
	
	
	1 (Ref)
	

	Female
	0.35 (0.19 - 0.65)
	0.001
	
	0.27 (0.11 - 0.64)
	<0.001

	
	
	
	
	
	

	Log Uromodulin concentration 
	
	
	
	
	

	Linear trend
	0.6 (0.47 – 0.74)
	<0.001
	
	0.62 (0.48 – 0.81)
	<0.001


*Adjusted for age, sex and systolic BP
 Abbreviations: BP, blood pressure



















Table 3: Relationship between rs13333226 polymorphisms in the UMOD gene and clinical and demographic features in CKD cases


	rs13333226
	AA
	AG
	GG
	p-value#

	N (%)
	25
	31
	15
	

	Gender (M/F)
	15/10
	19/12
	12/3
	0.379*

	Age, years

	44 (40-50)
	49 (44-53)
	47 (42-57)
	0.157

	Systolic BP, mmHg

	141 (128-166)
	151 (135-170)
	138 (130-141)
	0.327

	Diastolic BP, mmHg

	87 (78-97)
	90 (79-100)
	82 (76-87)
	0.333

	Serum creatinine, µmol/L

	823 (505-1141)
	638 (513-1054)
	810 (462-1015)
	0.790

	CKD-EPI eGFR, ml/min per 1.73 m2
	6 (4-12)
	9 (4-11)
	7 (5-13)
	0.833

	Uric acid, mmol/L
	0.4 (0.4-0.6)
	0.5 (0.4-0.6)
	0.5 (0.4-0.5)
	0.666

	Urine PCR g/mmol
	0.1 (0.1-0.2)
	0.1 (0.1-0.2)
	0.1 (0.0-0.2)
	0.315

	Log Uromodulin concentration (µg/ml), mean (SD)
	0.3 ± 1.9
	-0.5 ± 1.76
	-1.4 ± 1.7
	0.045$


Data given as median (interquartile range) unless specified
P values- #Kruskal-Wallis unless specified; *Pearson’s chi square; $ANOVA tests
Abbreviations: BP, blood pressure; eGFR, estimated glomerular filtration rate; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; PCR, protein: creatinine ratio. 
















Table 4: Relationship between rs13333226 polymorphisms in the UMOD gene and clinical and demographic features in first-degree relatives 


	rs13333226
	AA
	AG
	GG
	p-value#

	N (%)
	22
	17
	11
	

	Gender (M/F)
	8/14
	6/11
	3/8
	0.865*

	Age, years

	34 (22-53)
	29 (20-51)
	25 (22-41)
	0.684

	Systolic BP, mmHg

	126 (120-139)
	135 (119-149)
	128 (120-132)
	0.662

	Diastolic BP, mmHg

	76 (72-87)
	75 (72-89)
	76 (69-82)
	0.682

	Serum creatinine, µmol/L

	77 (64-84)
	76 (66-86)
	65 (62-92)
	0.601

	CKD-EPI eGFR, ml/min per 1.73 m2
	118 (82-138)
	105 (91-137)
	139 (87-143)
	0.398

	Uric acid, mmol/L
	0.3 (0.3-0.4)
	0.3 (0.3-0.4)
	0.3 (0.2-0.3)
	0.752

	Urine ACR  mg/mmol
	1.2 (0.4-2.9)
	0.4 (0.0-2.2)
	2.9 (1.4-4.2)
	0.225

	Log Uromodulin concentration (µg/ml),
mean ±SD
	1.0 ± 1.1
	0.8 ± 1.5
	1.1 ± 1.0
	0.874$


Data given as median (interquartile range) unless specified
P values- #Kruskal-Wallis unless specified; *Pearson’s chi square; $ANOVA tests
Abbreviations: BP, blood pressure; eGFR, estimated glomerular filtration rate; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; ACR, albumin: creatinine ratio. 






5.4 DISCUSSION
In this study, we have demonstrated that urinary uromodulin is a marker of kidney disease, with lower levels in CKD cases compared to those with normal kidney function. We have demonstrated that urinary uromodulin correlates negatively with serum creatinine and positively with eGFR. With each 1-SD increase in urinary uromodulin, there were lower odds of CKD (OR = 0.6). The lower levels of urinary uromodulin in CKD are postulated to be secondary to a  reduction in the number of functional distal tubular cells (Lynn and Marshall, 1984) and has been observed in previous case control studies on kidney disease. In a study by Thornely et al (1985), there was a strong positive correlation between 24h uromodulin levels and creatinine clearance, regardless of the type of CKD. In participants with diabetes mellitus, urinary uromodulin levels were significantly lower in those with diabetic nephropathy compared to those with normal kidney function (Torffvit and Agardh, 1993). In IgA nephropathy, urinary uromodulin levels were lower in patients with more tubular atrophy/ interstitial fibrosis (Zhou et al., 2013). In patients with type 1 diabetes mellitus, low urinary uromodulin levels were associated with an eight-fold increased risk of renal failure and cardiovascular disease (Sejdiu and Torffvit, 2008). Population studies, showed that urinary uromodulin levels were positively associated with creatinine clearance (Pruijm et al., 2016). It is postulated that uromodulin could be both a marker of tubular damage or it could directly be involved in the pathogenesis of CKD. In in vitro studies, uromodulin resulted in interstitial inflammation and an increase in serum levels of the pro-inflammatory cytokines, TNF-α, IL-6, IL-8 and IL-1 ß (Prajczer et al., 2010). In contrast, in UMOD knockout mice, uromodulin, working through toll-like receptor 4 was shown to decrease inflammation in the outer medulla (El-Achkar et al., 2008). Studies investigating the role of uromodulin in CKD progression in humans are necessary.
We found no difference in allele or genotype frequencies between CKD cases and controls nor between first-degree relatives and controls. Uromodulin levels were not associated with genotype at rs13333226 in the UMOD gene. In a study by Padmanabhan et al (2010), the G allele of rs13333226 was associated with reduced urinary uromodulin excretion, with each copy of the G allele associated with 0.2 mg/mmol lower urinary uromodulin levels (p = 0.007). Other SNPs in the UMOD gene have also been associated with CKD; the C allele in rs4293393 in the UMOD gene was found to be protective against CKD as it was associated with lower urinary uromodulin levels and higher eGFRs (Kottgen et al., 2010a). We did not demonstrate an association of uromodulin levels and genotype at rs13333226 possibly because our study was conducted in black South Africans whereas participants in previous studies were predominantly white. Moreover, we had a relatively young cohort; SNPs in the UMOD gene have been more strongly associated with kidney function in older persons compared to younger individuals, suggesting that UMOD might acts as a modifying factor in age-related risk factors for CKD (Gudbjartsson et al., 2010).
The minor G allele at rs13333226 was previously shown to be associated with a lower risk of hypertension, with each copy of the G allele associated with 0.49 mmHg lower systolic BP and 0.30 mmHg lower diastolic BP (Padmanabhan et al., 2010). Padmanabhan et al (2010) used subjects with extreme hypertension, based on two BP measurements of ≥160 mmHg systolic and ≥100 mmHg diastolic BP, without any antihypertensive medication. In our study, we used less stringent BP values, with the CKD cases having relatively lower BP levels, with median (IQR) systolic and diastolic BPs of 141 (132-168) and 86 (78-97), respectively, although the 93% of CKD cases were on antihypertensive therapy. Furthermore, Padmanabhan et al (2010) used population controls with extreme normotension (normotensive during a 10 year follow-up period). In our study, controls had BPs measured at a single-time-point. 
The function of uromodulin is currently unclear. It has been postulated that it might have a role in water and electrolyte homeostasis in the TAL (Rampoldi et al., 2011). Uromodulin has been shown to regulate ion transport in the kidney by regulating the activities of the potassium channel ROMK (Renigunta et al., 2011) and the sodium-potassium-chloride transporter (NKCC2) which is necessary for active transport of sodium chloride across the TAL cells (Mutig et al., 2011). Its expression is increased by a high-salt diet and chronic use of loop diuretics (Ying and Sanders, 1998). In studies on UMOD knockout mice, it was demonstrated that UMOD regulates sodium uptake in the TAL by modulating the effects of tumor necrosis factor α on NKCC2A (Graham et al., 2014). Uromodulin was also was shown to be protective against urinary tract infections (Bates et al., 2004) due to its ability to bind urinary tract pathogens like Escherichia coli and preventing their binding to uroplakin receptors (Pak et al., 2001). Uromodulin plays a role in the prevention of kidney stone formation by reducing the aggregation of calcium crystals (Miyake et al., 1998, Mo et al., 2004). In-vitro studies demonstrated that uromodulin could have a role in innate immunity, by binding to immunoglobulin G, complement 1q and tumor necrosis factor-α (Rhodes et al., 1993, Rhodes, 2000, Hession et al., 1987).
Our study had several limitations, which included a relatively small sample size, consisting of 181 participants. We lacked ethnic diversity as we only included participants of black South African ancestry, which constitute approximately 80% of attendees in our institution; therefore we are uncertain about the generalizability of our results to other racial/ethnic groups. We did not measure serum uromodulin level as its diagnostic utility is unclear (Prajczer et al., 2010).




5.5 CONCLUSION 

In conclusion, higher levels of urinary uromodulin are associated with lower odds of hypertension-attributed CKD. We did not detect associations of genotype at rs13333226 with urinary uromodulin levels, possibly due to the young age of our participants. As UMOD has been implicated in kidney function and BP control, studies with larger sample sizes and from ethnically disparate populations are essential to further categorize this association.






















CHAPTER 6: CODING VARIANTS IN THE PODOCIN, BONE MORPHOGENIC PROTEIN 4 AND SEROLOGICALLY DEFINED COLON CANCER ANTIGEN 8 GENES IN BLACK SOUTH AFRICANS

ABSTRACT 
Introduction
Genome-wide association studies (GWAS) conducted in African Americans with nondiabetic nephropathy identified single nucleotide polymorphism (SNP) rs16854341 in the podocin (NPHS2) as the most significant SNP to interact with apolipoprotein L1 (APOL1) gene. In replication studies, SNPs in NPHS2, bone morphogenic protein 4 (BMP4) and serologically defined colon cancer antigen 8 (SDCCAG8) were found to significantly interact with APOL1.
We determined the association of polymorphisms in NPHS2, BMP4 and SDCCAG8 gene with hypertension-attributed CKD and their interaction with APOL1 risk variants. 
Method
A total of 181 participants were recruited. After genomic DNA extraction from whole blood, SNPs in NPSH2 (rs16854341), SDCCAG8 (rs2802723) and BMP4 (rs8014363) were genotyped using TaqMan® SNP assays.
Results
We found no association between the risk of kidney disease and polymorphisms at the NPSH2 and BMP4 genes, odds ratios 1.25 (95% CI [0.59 to 2.68]; p = 0.558) and 0.96 (95% CI [0.48 to 1.92]; p = 0.901), respectively. There was a trend for an increased risk of kidney disease in those who had two APOL1 risk variants and were major allele homozygotes at rs16854341 in the podocin gene, OR 4.78 (95% CI [0.87 – 26.31]; p = 0.072) and at rs8014363 in the BMP4 gene, OR 5.16 (95% CI [0.92 – 29.87]; p = 0.062).
Conclusion
We found no association of the polymorphisms in the podocin and BMP4 gene with markers of kidney disease in patients with hypertension-attributed CKD. However, in the presence of two APOL1 risk variants, major allele homozygotes had a trend towards an increased risk of kidney disease. Future studies with larger samples are required to further characterize the interactions of these genes with APOL1.

















6.1 INTRODUCTION
Genome-wide association studies (GWAS) are an effective method of investigating the genetic background of complex diseases. Using GWAS, attempts are made to identify genetic variants that occur frequently and which contribute to the genetic risk of specific diseases. A pooled GWAS study conducted in African Americans with the aim of validating the association of apolipoprotein L1 (APOL1) risk variants with nondiabetic nephropathy and identifying susceptibility loci that could interact with or act separately of APOL1 identified single nucleotide polymorphism (SNP) rs16854341 in the podocin (NPHS2) gene as having significant interactions with APOL1 (Bostrom et al., 2012). To validate the results of this GWAS, a case control study was conducted where rs16854341 was again found to significantly interact with APOL1 G1/G2 risk variants in African Americans with nondiabetic ESKD compared to controls (interaction OR = 0.6; P = 8.0 x 10-4)  (Divers and Freedman, 2014). Other significantly associated SNPs interacting with APOL1 G1/G2 included rs2802723 in the serologically defined colon cancer antigen 8 gene (SDCCAG8; interaction OR = 1.8; P = 5 x 10-4) and rs8014363 located near bone morphogenic protein 4 (BMP4; interaction OR = 1.6; P = 1 x 10-3) (Divers and Freedman, 2014). However, before general acceptance of results from GWAS studies, replication and validation of the effect in the GWAS target population has to be done, after which sampling from other populations must occur to determine the effect of the SNP in different racial/ ethnic groups.
The aim of the study was to determine the association of polymorphisms in the NPHS2, BMP4 and SDCCAG8 genes with kidney disease and to test the interaction of these polymorphisms with APOL1 risk variants in black South Africans with hypertension-attributed CKD.


6.2 METHODS
This was a case control study conducted at Charlotte Maxeke Johannesburg Academic Hospital and Chris Hani Baragwanath Academic Hospital, Gauteng Province, South Africa. Gauteng is the most populous province in South Africa with 13.4 million people, with black South Africans accounting for more than 80% of the population (Statistics South Africa, 2016). Ethical clearance was granted by the Human Research Ethics Committee of the University of the Witwatersrand, South Africa (Clearance certificate no M141192). Seventy one unrelated patients with clinically diagnosed hypertension-attributed CKD (age ≥ 18 years at disease onset) were recruited. Patients were considered as “black” South Africans if they self-reported all four grandparents as being black South African. Patients with diabetes mellitus and/or seropositivity for HIV were excluded. All available first-degree relatives (parents, siblings and offspring) were included. A total of 52 first-degree relatives from 42 families were recruited, comprising of 5 parents, 18 siblings and 29 children. We also included 58 geographically and ethnically matched healthy controls.  

6.2.1 Data collection
Blood pressure (BP) was measured using an automated digital monitor (Rossmax PA, USA). Fasting blood samples for creatinine (using the isotope dilution mass spectrometry traceable assay) total and high density lipoprotein (HDL) cholesterol were analyzed using a Cobas 6000 analyzer (Roche Diagnostics, Germany). Glomerular filtration rate (GFR) was estimated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation (Levey et al., 2009). Urine albumin and total protein were measured by the immunoturbidimetric assay (Cobas 6000, Roche Diagnostics, Germany). 
6.2.2 Genomic DNA extraction and genotyping 
Genomic DNA was extracted from whole blood samples collected in EDTA tubes, using the salting out procedure (Miller et al., 1988) and the Maxwell® automated nucleic acid extraction platform from Promega® (Madison, USA), according to the manufacturer’s instruction. Single nucleotide polymorphisms in podocin (NPSH2), the serologically defined colon cancer gene antigen 8 (SDCCGA8) and bone morphogenetic protein 4 genes (BMP4) (SNPs rs16854341, rs2802723 and rs8014363, respectively) were genotyped using TaqMan® SNP genotyping assay (Thermofisher Scientific, Waltham, USA). The primers are shown in Table 1. 
Reactions were carried out according to the manufacturers’ protocol. Briefly, polymerase chain reaction (PCR) was performed in the presence of 2X TaqMan® Universal PCR Master Mix (Thermofisher Scientific, Waltham, USA) and genomic DNA. A total of 13.75 µL of the master mix solution was combined together with 11.25 µL of sample DNA to a final reaction volume of 25 µL. Thermocycling conditions included an initial denaturation step for 10 min at 95°C, after which 40 cycles were run, each consisting of denaturation (95°C for 15 s), and annealing (60°C for 60 s). Real-time detection of fluorescence signal was performed using the Applied Biosystems 7500 Fast Real-Time PCR system (Applied Biosystems, Foster City, USA). Genotypes were identified using the allelic discrimination plots generated by the Sequence Detection System (SDS) software version 2.3 (Applied Biosystems, Foster City, USA). 




Table 1 Primer sequences for TaqMan® SNP genotyping assays 
	Gene name
	Location: 
	Context Sequence

	BMP4
	Chr.14:53964857 on Build GRCh38
	TAAATAAAAGTGATTGTTGGCTTTG[C/T]TTGTTGTATTTAAATTAAATGTTAA


	NPHS2
	Chr.1:179559792 on Build GRCh38
	AGAGAGGAGGAGGAAGTGACAGATA[A/G]ATAGCTAGCATGAAGGCTGTTTGGG

	SDCCAG8
	Chr.1:243335010 on Build GRCh38
	TGTCGAATAGCTTGCCTCCCCTAGT[C/T]CAGTGAGTCCCTTGCATGTAACATC




6.2.3 Statistical analysis
STATA v12.0 (Texas, USA) was used for data analysis. Normally distributed continuous data are presented as the means ± standard deviations (SD), and variables with non-Gaussian distribution as the median (interquartile range). Categorical data are presented as frequencies and percentages. Differences between the groups were assessed using Student’s t-test for continuous variables with normal distribution. In the case of non-normal distribution, a Mann-Whitney or Wilcoxon test was used. For categorical variables, a chi-squared test or a Fisher exact test where necessary, was performed. The chi-square test was used to determine significant differences in allele/genotype frequencies between CKD cases and controls and between first-degree relatives and controls. Genotype distribution was analyzed under dominant genetic models. All tests were 2 sided and p <0.05 was considered statistically significant. 

For NPHS2, A represents the ancestral allele and G represents the minor allele. 
For BMP4, T represents the ancestral allele and C represents the minor allele. 
For SDCCAG8, C allele represents the ancestral allele and T represents the minor allele.

6.3 RESULTS
A total 181 participants were recruited (71 patients with hypertension-attributed CKD, herein referred to CKD cases, 52 first-degree relatives and 58 healthy controls. Despite some inadequate samples and some amplification failures, we successfully genotyped the following participants for the different SNP assays:
1. For NPHS2 SNP rs16854341, we had a total of 171 (94%) participants [70 (98.6%) CKD cases, 47 (90.4%) first-degree relatives and 54 (93.1%) of controls]. 
2. For BMP4 SNP rs8014363, we had a total of 178 (98.3%) participants [69 (97.1%) CKD cases, 51 (98%) first-degree relatives and 58 (100%) of controls].
3. For SDCCAG8 SNP rs28027230, we had a total of 168 (92.8%) of participants [70 (98.6%) CKD cases, 42 (80.7%) first-degree relatives and 56 (96.6%) of controls].

6.3.1 Genotype and allele frequencies in CKD cases and controls
Genotypic and allelic frequencies in CKD cases and controls are shown in Table 2. There were no significant differences in the genotypic and allelic frequencies of rs8014363, rs16854341 and rs28027230 between CKD cases and controls (all p >0.05).



6.3.2 Genotype and allele frequencies in first-degree relatives and controls
Genotype and allelic distributions in first-degree relatives and controls are shown in Table 3. There were no significant differences in the genotypic and allelic frequencies of rs16854341 and rs28027230 between first-degree relatives and controls (all p >0.05). Using a Bonferroni test for multiple hypotheses testing, a p < 0.017 was used for significance testing. For rs8014363, the minor allele (C allele) frequency was significantly lower in first-degree relatives compared to controls (p = 0.015). 

 











Table 2: Genotype and allelic frequencies in CKD cases and controls
	dbSNP ID
	CKD cases
	Control 
	p-value* 

	rs8014363 
BMP4
	
	
	

	Genotype frequency
	
	
	

	CC or CT
	38 (55%)
	38 (65%)
	0.232

	TT
	31 (45%)
	20 (34%)
	

	Allele frequency
	
	
	

	C
	48 (35%
	51 (44%)
	0.135

	T
	90 (65%)
	65 (56%)
	

	rs16864341 
NPHS2
	
	
	

	Genotype frequency
	
	
	

	AG or GG
	23 (33%)
	13 (24%)
	0.285

	AA
	47 (67%)
	41 (76%)
	

	Allele frequency
	
	
	

	G
	25 (18%)
	15 (14%)
	0.400

	A
	115 (82%)
	93 (86%)
	

	rs28027230
SDCCAG8
	
	
	

	Genotype frequency
	
	
	

	TT or CT
	69 (99%)
	53 (95%)
	0.211

	CC
	1 (1%)
	3 (5%)
	

	Allele frequency
	
	
	

	C
	21 (15%)
	16 (14%)
	0.874

	T
	119 (85%)
	96 (86%)
	


Data given as n (%)
*Pearson chi square test




Table 3: Genotype and allelic frequencies in first-degree relatives and controls
	dbSNP ID
	First-degree relatives
	Control 
	p-value* 

	rs8014363
BMP4
	
	
	

	Genotype frequency
	
	
	

	CC or CT
	25 (50%)
	38 (66%)
	0.103

	TT
	25 (50%)
	20 (34%)
	

	Allele frequency 
	
	
	

	C
	28 (28%)
	51 (44%)
	0.015

	T
	72 (72%)
	65 (56%)
	

	rs16864341 
NPHS2
	
	
	

	Genotype frequency
	
	
	

	AG or GG
	14 (30%)
	13 (24%)
	0.475

	AA
	32 (70%)
	41 (76%)
	

	Allele frequency
	
	
	

	G
	14 (15%)
	15 (14%)
	0.790

	A
	78 (85%)
	93 (86%)
	

	rs28027230
SDCCAG8
	
	
	

	Genotype frequency
	
	
	

	TT or CT
	41 (100%)
	53 (95%)
	0.132

	CC
	0 (0%)
	3 (5%)
	

	Allele frequency
	
	
	

	C
	10 (12%)
	16 (14%)
	0.673

	T
	72 (88%)
	96 (86%)
	


Data given as n (%)
*Pearson chi square test



6.3.3 Relationship between genotype at rs16854341 in NPHS2 gene and clinical features in CKD cases 
Clinical features of CKD cases with 2 genotypes at rs16854341 [AA vs. non-AA (AG or GG)] are shown in Table 4. There were significantly more males with the non-AA genotype than females (p = 0.025). There was no difference in BMI, systolic BP, serum creatinine or proteinuria between cases with the AA genotype compared to those with the non-AA genotype (all p >0.05). There was a trend for cases with the AG or GG genotype to have higher diastolic BPs than those with the AA genotype, though the difference was not statistically significant (p = 0.073).

6.3.4 Relationship between genotype at rs8013363 in BMP4 gene and clinical features in CKD cases
Clinical features of CKD cases with 2 genotypes at rs8013363 [TT vs. non-TT (CC or CT)] are shown in Table 5. There was no difference in gender distribution, BMI, mean arterial pressure, serum creatinine or proteinuria between CKD cases with the AA genotype compared to those with the non-AA genotype (all p >0.05). Cases with CKD with the TT genotype tended to be younger and were diagnosed with hypertension-attributed CKD at a younger age than those with the non-TT genotypes (p = 0.066 and p = 0.048, respectively).
6.3.5 Relationship between genotype at rs2802723 in SDCCAG8 gene and clinical features in CKD cases
As only one CKD case and three controls had the CC genotype, with the rest having the non-CC genotype (TT or CT), no further analyses were performed. 
Table 4: Relationship between genotype at rs16854341 in the NPHS2 gene and clinical and demographic features in CKD cases  

	rs16854341
	AA
	AG or GG
	p-value* 

	N (%)
	47/70
	23/70
	

	Gender (M/F)
	26/21
	19/4
	0.025#

	Age, years

	48 (41-53)
	47 (42-54)
	0.740

	Age at  diagnosis of CKD, years

	45 (39-52)
	44 (40-52)
	0.523

	BMI, kg/m2

	28 (24-31)
	30 (22-29)
	0.520

	Systolic BP, mmHg

	141 (132-165)
	145 (131-180)
	0.260

	Diastolic BP, mmHg

	85 (78-94)
	90 (80-108)
	0.073

	Serum creatinine, µmol/L

	771 (505-1154)
	638 (472-1015)
	0.512

	CKD-EPI eGFR, ml/min per 1.73 m2
	7 (4-11)
	9 (5-13)
	0.252

	Total cholesterol mmol/L

	4.2 (3.6-4.8)
	4.2 (3.8-4.9)
	0.600

	HDL, mmol/L

	1.0 (0.8-1.2)
	1.2 (0.9-1.4)
	0.185

	LDL, mmol/L

	2.3 (1.8-2.9)
	2.4 (2.0-2.8)
	0.741

	Urine PCR g/mmol
	0.1 (0.1-0.2)
	0.1 (0.1-0.1)
	0.948


Data given as median (interquartile range) unless specified
p-value: * Wilcoxon test; #Pearson chi square test
Abbreviations: BMI, body mass index; BP, blood pressure; eGFR, estimated glomerular filtration rate; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; HDL, high density lipoprotein; LDL, low density lipoprotein; PCR, protein: creatinine ratio.










Table 5: Relationship between genotype at rs8013363 in the BMP4 gene and clinical and demographic features in CKD cases 


	rs8014363
	TT
	CC or CT
	p-value* 

	N (%)
	31/69
	38/69
	

	Gender (M/F)
	18/13
	27/11
	0.260#

	Age, years

	50 (41-57)
	46 (41-51)
	0.066

	BMI, kg/m2

	28 (26-31)
	28 (24-29)
	0.420

	Age at  diagnosis of CKD, years

	48 (40-54)
	44 (39-49)
	0.048

	Systolic BP, mmHg

	145 (132-169)
	141 (131-167)
	0.890

	Diastolic BP, mmHg

	86 (78-101)
	86 (79-97)
	0.861

	Mean arterial pressure, mmHg
	106 (96-124)
	105 (96-119)
	0.800

	Serum creatinine, µmol/L

	638 (457-1054)
	774 (517-1154)
	0.300

	CKD-EPI eGFR, ml/min per 1.73 m2

	9 (4-13)
	7 (4-11)
	0.577

	Total cholesterol mmol/L

	4.2 (3.8-4.8)
	4.2 (3.6-4.9)
	0.830

	HDL, mmol/L

	1.0 (0.8-1.2)
	1.1 (0.9-1.4)
	0.153

	LDL, mmol/L

	2.5 (2.1-2.9)
	2.3 (1.8-2.9)
	0.491

	Urine PCR g/mmol
	0.1 (0.04-0.2)
	0.1 (0.1-0.1)
	0.983


Data given as median (interquartile range) unless specified
p-value:* Wilcoxon test; #Pearson chi square test
Abbreviations: BMI, body mass index; BP, blood pressure; eGFR, estimated glomerular filtration rate; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; HDL, high density lipoprotein; LDL, low density lipoprotein; PCR, protein: creatinine ratio.





6.3.6 Relationship between genotype at rs16854341 in NPHS2 and rs8013363 in BMP4 genes and clinical features in first-degree relatives 
Clinical features of first-degree relatives with different genotype combinations at rs16854341 and rs8013363 are shown in Appendix O. For all the SNPs tested, there were no differences observed in BMI, mean arterial pressure, albuminuria or serum creatinine across any of the genotypes (all p >0.05). 

6.4 Association analyses
We found no association between the risk of kidney disease and rs16854341 (OR 1.25 (95% CI [0.59 to 2.68]; p = 0.558, adjusted)) and rs8013363 (OR 0.96 (95% CI [0.48 to 1.92]; p = 0.901, adjusted), Table 6.
The interactions of the SNP rs16854341 and rs8013363 with APOL1 are shown in Table 6.
There was a trend for an increased risk of kidney disease in those who had two APOL1 risk variants and were major allele homozygotes at rs16854341 (OR 4.78 (95% CI [0.87 – 26.31]; p = 0.072, adjusted)) and at rs8014363 (OR 5.16 (95% CI [0.92 – 29.87]; p = 0.062, adjusted)).

 








Table 6: Risk of developing chronic kidney disease 

	Characteristic
	Unadjusted
	
	Adjusted*

	
	Odds Ratio (95% CI)
	p-value
	
	Odds Ratio (95% CI)
	p-value

	
	
	
	
	
	

	NPHS2 rs16854341
	
	
	
	
	

	AG or GG genotype
	1 (Ref)
	
	
	1 (Ref)
	

	AA genotype
	0.76 (0.39 – 1.47)
	0.410
	
	1.25 (0.59 – 2.68) 
	0.558

	AA genotype and 2 APOL1 risk alleles
	1.49 (0.35 – 6.26)
	0.435
	
	4.78 (0.87 – 26.31)
	0.072

	
	
	
	
	
	

	BMP4 rs8014363
	
	
	
	
	

	CC or CT genotype
	1 (Ref)
	
	
	1 (Ref)
	

	TT genotype
	1.14 (0.62 – 2.10)
	0.669
	
	0.96 (0.48 – 1.92)
	0.901

	TT genotype and 2 APOL1 risk alleles
	2.63 (0.60 -11.71)
	0.202
	
	5.16 (0.92 – 29.87)
	0.062


*Adjusted for age and sex 







6.5 DISCUSSION 
Our study represents the first cohort of black South African patients with hypertension-attributed CKD and their first degree relatives to be evaluated for polymorphisms in the NPSH2, BMP4 and SDCCAG8 genes. Our study shows that these variants are indeed common polymorphisms and are present in the patients with hypertension-attributed CKD, their first degree relatives and controls to a similar degree.
In the current study, we did not observe any differences in genotype or allele frequencies for any of the genes studied, between CKD cases and controls. There were no differences in proteinuria, serum creatinine or BMI based on the genotypes. However, patients who were major allele homozygotes at BMP4 gene were diagnosed with kidney disease at a younger age that those with other genotypes i.e. heterozygous or minor allele homozygous. 
We found no association with CKD for SNPs in the NPSH2 and BMP4 genes. Podocin mutations have previously been implicated in kidney disease, particularly in childhood steroid resistant nephrotic syndrome (Ruf et al., 2004, Jaffer et al., 2014) and were first described by Boute et al (Boute et al., 2000). There are approximately fifty NPHS2 gene mutations and variants and/or non-silent polymorphisms that have been reported and recognized as possibly having a role in proteinuria (Ali et al., 2017). Similar to our study, after sequencing of the podocin gene in African Americans with nondiabetic ESKD, the majority of variants studied showed no evidence of association with ESKD (Dusel et al., 2005). However, significant associations of a rare variant, IVS3+9A of the NPHS2 gene with non-diabetic ESKD were identified (Dusel et al., 2005). There was concern that this could have been a false-positive result as this is a very rare variant (Dusel et al., 2005). This is important because GWAS studies are prone to “false positive” results due to the high number of statistical tests performed (Pearson and Manolio, 2008).
There was a trend towards association with kidney disease in those who were major allele homozygotes at rs16854341 (NPSH2) and rs8014363 (BMP4) in the presence of two APOL1 risk alleles, though these associations did not reach statistical significance. In a study by Divers et al, the odds for ESKD were highest in those who had two APOL1 risk alleles and were homozygotes for the major allele at rs16854341, whereby each copy of the minor allele reduced the odds ratio of ESKD by 50%; the odds ratio of ESKD in individuals who were homozygous at the major allele was 7.03, compared to 3.52 for heterozygous individuals and 1.76 for those who were homozygous for the minor allele  (Divers et al., 2014). The presence of two APOL1 risk variants with zero, one and two rs8014363 minor alleles resulted in increased odds of kidney disease, with the odds ratio changing from 4.8 to 6.8 to 9.6, respectively (Divers and Freedman, 2014). The podocyte is a fundamental unit of the kidney as it covers the glomerular basement membrane. The podocin gene encodes podocin, which has a hairpin like structure and is an essential component of the slit diaphragm, playing an important role in glomerular filtration (Roselli et al., 2002). Podocin has also been shown to bind with cholesterol in lipid rafts where it may function as a scaffolding or signaling protein (Huber et al., 2003).
Similar to our study, McKnight et al did not detect any significant associations between BMP2, BMP4 and BMP7, although this study was conducted in white patients with diabetic nephropathy (McKnight et al., 2010). Bone morphogenic proteins are members of the transforming growth factor β superfamily and function in embryonic development and cellular maintenance (ten Dijke et al., 2003) and are important for kidney development (Dolan et al., 2003). They were first identified as factors that induce bone formation and cartilage development but they are now known to be involved in other developmental processes. Bone morphogenic proteins 4 and 7 are expressed in the developing glomerulus and are important for normal glomerular development. Bone morphogenic protein 7 has been shown to reduce podocyte injury in hyperglycemia in vivo and has been shown to be a potentially therapeutic option for diabetic nephropathy (Wang et al., 2006). Dysregulation of the BMP4 gene in the developing podocytes of transgenic mice results in abnormal glomerular capillary tuft formation (Ueda et al., 2008).  Bone morphogenic protein 4 has been implicated in several aspects of embryonic development especially in those organs in which epithelial-mesenchymal interactions are essential for development (Hogan, 1996, Cain and Bertram, 2006). 
In a meta-analysis of two GWAS of over two thousand individuals (extremely obese children and adolescents), a new locus for obesity in the SDCCAG8 gene was identified, with genetic variants in this gene being highly associated with early onset obesity (Scherag et al., 2010).  Serologically defined colon cancer antigen 8 is ubiquitously expressed, with most expression present in the hypothalamus and pituitary glands, suggesting that it plays a role in weight regulation (Scherag et al., 2010). Nephronophthisis is a recessive cystic kidney disease which is the most frequent genetic cause of ESKD in the first three decades of life (Otto et al., 2010). Nephronophthisis-related ciliopathies are recessive disorders that feature dysplasia or degeneration occurring preferentially in the kidney, retina and cerebellum. Mutations of SDCCAG8 were identified as the cause of retinal-renal ciliopathies (Otto et al., 2010).
The present results are important because the frequency of the polymorphisms in the NPSH2 and BMP4 and SDCCAG8 among black South Africans was previously unknown. This study used rigorous phenotypic criteria for inclusion of CKD cases and controls. Subjects were recruited in a consecutive manner to avoid selection bias. A larger sample would provide increased power to detect potential differences in allele frequency that may not have been evident in the sample of individuals studied.
6.6 CONCLUSION
We found no associations of the polymorphisms in the podocin and BMP4 gene with markers of kidney disease in patients with hypertension-attributed CKD. However, in the presence of two APOL1 risk variants, there was a trend towards an increased risk for kidney disease. Future studies with larger samples are required to further characterize the interactions of these genes with APOL1.



















CHAPTER 7: DISCUSSION AND CONCLUSION

7.1 Discussion
The vast majority of ESKD cases behave like complex diseases, influenced by multiple genes and environmental factors, with only 8-10% of prevalent ESKD cases resulting from progressive nephropathy that follows a Mendelian pattern of inheritance, like autosomal-dominant polycystic kidney disease and Alport’s syndrome (Schelling et al., 1999, Groopman et al., 2018). In the majority of ESKD cases, there is a lack of a simple and predictable genotype-phenotype correlation. Chronic progressive kidney diseases result from the combined interactions between the individual’s genotype, the environment and any underlying diseases like hypertension or diabetes (Schelling et al., 1999). It is thought that a person develops kidney disease after a “triggering event”, which could be genetic susceptibility to kidney disease or a clinical factor like an elevated blood pressure. This “triggering event” is then modified by other disease susceptibility or resistance genes, resulting in development and progression of kidney disease or protection from the development of kidney disease, respectively. For most cases of CKD, other the 8% with known Mendelian inheritance pattern, it is thought that multiple genes are necessary for the expression of CKD and that a single gene in insufficient for the development of CKD (Schelling et al., 1999). Gene to environment or epistatic (gene-gene) interactions are thus essential for the development of CKD. 
We sought out to to determine associations of the APOL1 high-risk variants with hypertension-attributed CKD and the association of these variants with other genes and environmental factors in black South Africans.

We found a very low prevalence of the APOL1 risk variants in healthy black South Africans, residing in the southernmost country in Africa. This is consistent with previous reports (Kopp et al., 2011, Kasembeli et al., 2015). This is in contrast to the very high prevalence of these variants in west African populations (Ulasi et al., 2013, Tayo et al., 2013) and in African Americans (Lipkowitz et al., 2013). African Americans are an admixed population with approximately 82% African and 18% European ancestry (Freedman and Murea, 2012). These APOL1 risk variants are absent in Ethiopians in the horn of Africa, the easternmost projection of the African continent (Behar et al., 2011) and are found at a low frequency in Kenya and Tanzania, both also east African countries (Kopp et al., 2011, Stanifer et al., 2017). Regional African ancestry is important as these APOL1 variants are present at different frequencies in the different regions of Africa. 
The APOL1 risk variants have been associated with a 7- to 10-fold increased risk for nondiabetic kidney disease in African Americans (Kronenberg, 2011) and have been associated with nondiabetic kidney disease in the Igbo people from south-eastern Nigeria (Ulasi et al., 2013) and the Yoruba from Nigeria (Tayo et al., 2013). There has always been a concern that the variation in the frequency of the APOL1 risk variants in the different African populations could result in variability in the association of these variants with nondiabetic kidney disease. We found no association of these variants with hypertension-attributed CKD in black South Africans. It is hypothesized that in areas with high trypanosomiasis burdens, APOL1 variants rose to high frequency until homozygotes became relatively common (Friedman and Pollak, 2011). The low frequency and the lack of association of the APOL1 risk variants with hypertension-attributed CKD in black South Africans is probably because the tsetse fly belt is far north of South Africa. It is intriguing that the highest APOL1 frequency is observed mainly in western and central Africa, regions where T. b. gambiense is the most common trypanosomal infection (Brun et al., 2010), whereas APOL1 risk variants have been shown to be most trypanolytic against T. b rhodesiense, which is most commonly found in east Africa (Limou et al., 2014, Thomson et al., 2014, Simarro et al., 2012), where there is almost a complete absence of APOL1 risk variants (Tzur et al., 2012, Behar et al., 2011). The relationship between ethnicity, African geographical region, trypanosomal infections and APOL1 risk variants needs to be explored further. The Human Hereditary and Health in Africa (H3Africa) Kidney Disease Research Network, which is part of the H3Africa Consortium, is an ongoing study on different forms of CKD in different African countries, analysing environmental and genetic factors, with the aim of increasing the understanding of CKD in sub-Saharan Africa (Osafo et al., 2015). Hopefully, once completed, data from this network will help clarify some of these complex relationships. 
The persistence of the APOL1 variants in African populations has been compared to hemoglobinopathies and malaria. Malaria is a life-threatening disease caused by the Plasmodium parasite, transmitted to humans through the bite of the Anopheles mosquito. In the malaria lifecycle, the red blood cell plays a critical role as it is both a host of the parasite but also provides it with food (Williams, 2006). In one of the earliest work on genetic controls of resistance to human malaria, it was shown that in the presence of  infection with Plasmodium falciparum, children who were sickle-cell heterozygotes (AS) survived better than those with normal haemoglobin (AA), while those who were sickle cell homozygotes (SS) survived the least well (Allison, 1954). In the heterozygous state, where you have one copy of the variant haemoglobin, the result in less severe malaria. Similarly, one copy of the APOL1 G2 risk variant provides protection from the African Trypanosomiasis (sleeping sickness) caused by flagellated protozoan parasites of the species Trypanosome brucei. The presence of two copies of variant haemoglobin leads to two well defined human disorders, sickle cell disease and thalassemia. The presence of two APOL1 risk variants is postulated to lead APOL1-associated nephropathy, with renal microvascular disease, interstitial fibrosis and glomerulosclerosis, though the exact mechanism is currently (Kopp et al., 2015). In contrast to the analogue of malaria, where two copies of haemoglobin S predictably and uniformly produce sickle cell, not all those individuals with two APOL1 risk variants develop kidney disease. 
Our study did not support the association of polymorphisms in the NPHS2 and BMP4 with hypertension-attributed CKD. However, in the presence of two APOL1 risk variants, there was a trend for major allele homozygotes to have an increased risk of kidney disease, though we did not attain statistical significance. These results seem to corroborate previous results on APOL1 gene interactions, where in the presence of two APOL1 risk alleles, polymorphisms in the NPHS2 and BMP4 genes interacted with APOL1 to either increase or decrease the odds of kidney disease (Divers et al., 2014).
Non-chromosome 22q genes have also been investigated in an attempt to understand the genetic susceptibility of African Americans to nondiabetic kidney disease. Variants in the chromogranin A (CHGA) and the methylenetetrahydrofolate reductase (MTHFR) genes have been associated with hypertension-attributed CKD in African Americans (Salem et al., 2008). These require further investigation as it has become clear that APOL1 variants are not associated with all cases of nondiabetic CKD in persons of African origin (Dusel et al., 2005, Salem et al., 2008, Fung et al., 2012).
We found a higher prevalence of JCV in participants with normal renal function compared to cases with hypertension-attributed CKD. This is intriguing as a Brazilian study showed a similar low prevalence of JCV infection in Brazilians with CKD compared to healthy controls (Pires et al., 2011). In a recent study, JC viruria was present in only 8.8% of participants with nondiabetic CKD compared to 45.8% in controls with normal kidney function (Freedman et al., 2018). 
We found that the presence of JC viruria was protective, with 43-fold higher odds of developing kidney disease in those without, than in those with evidence of JC viruria. For the combined variable of absence of JC viruria plus one or two APOL1 risk alleles, we found even higher odds of kidney disease, at 54-fold, than those for either variable alone. This suggests that though the risk of kidney disease is higher in participants without JC viruria, this risk becomes even higher in individuals with two APOL1 risk alleles who also do not have evidence of JCV replication. Recently, Freedman et al (2018) demonstrated 63% lower risk of CKD in African Americans with evidence of JC viruria compared to those without JC viruria, further validating the inverse relationship between urinary presence for JC viruria and nondiabetic CKD. However, in this study, APOL1 high-risk genotypes did not have an effect on the association of JC viruria and CKD protection (Freedman et al., 2018).  In accordance with our results, the renoproprotective effect of JC viruria in present in both APOL1 and non-APOL1- associated forms of kidney disease (Divers et al., 2013, Freedman et al., 2018). 
Polyomaviruses JCV and BKV are present in urban sewage in both developing (South Arica) and developed countries (France) to similar degrees. Infection with these viruses is common with a large proportion of people having detectable antibodies to these viruses by the second decade of life (White et al., 2013). BKV was not detected in any of the samples from patients with hypertension-attributed CKD and was present at a very low frequency in controls and first-degree relatives. It would seem that the protective effect of polyomaviruses is specific for JCV and does not extend to BKV. 
Human immunodeficiency virus is a prototype for a viral second hit. There has been a reduction in the incidence of HIVAN in the USA with the introduction of antiretroviral agent even though the frequency of the APOL1 risk variants has remained the same, providing evidence that HIV modulates APOL1 kidney disease (United States Renal Data System, 2016). Much like HIV, it is thought that viruses other than HIV, like JCV, can modulate kidney disease by modifying pathways involved in cellular or innate immunity, thus providing protection from infection by other nephrotoxic viruses (Divers et al., 2013). There could also be alterations in the immune responses resulting in persistence of JCV in the urinary system or production of factors which inhibit JCV reaction but simultaneously produce renal injury (Freedman et al., 2018). The epidemiology, natural history, genotype, pathogenesis and interactions with various genes to modulate the risk of kidney disease of polyomaviruses needs to be explored further. 
We have demonstrated that urinary uromodulin levels correlate positively with eGFR and are a marker of kidney disease, with lower levels in CKD cases compared to those with normal kidney function. We have also demonstrated that higher levels of urinary uromodulin are associated with lower odds of hypertension-attributed CKD. We did not detect associations of genotype at rs13333226 in the uromodulin gene with urinary uromodulin levels, possibly due to the young age of our participants. Recent studies have demonstrated a role of uromodulin as a potential biomarker, not only in CKD but also in acute kidney injury (AKI), where lower urinary concentrations of uromodulin were shown to be associated with higher odds of AKI in both adults and children undergoing cardiac surgery (Garimella et al., 2017, Bennett et al., 2018). The role of uromodulin in both CKD and AKI is currently under investigation.

7.2 Limitations of the study
Although the diagnosis of hypertension-attributed CKD was clinical diagnosis, the accuracy of a clinical diagnosis of hypertension-attributed CKD was supported by results from the AASK study, which confirmed hypertension as a cause of kidney disease in all biopsies from participants with a clinical diagnosis of hypertension-attributed CKD. The study cohort was small and was possibly underpowered to detect some of the associations between some of the genes studied and hypertension-attributed CKD. All biochemical measurements were performed at a single time point and may not necessarily be reflective of long-term status of the participants. However, further long term follow-up studies are currently underway. Similar studies have to be conducted in different regions and provinces of South Africa as it remains uncertain whether these results can be generalized to all black South Africans. As this it was a cross-sectional study, we could not establish a cause-and- effect relationship to account for the seemingly renoproprotective effect of JCV viruria and hypertension-attributed CKD. 
Chronic kidney disease is a complex disease with many gene-gene interactions and gene-environmental factors involved in its evolution. We investigated a small number of genes. Genome-wide association studies would be beneficial as they would enable us to assay hundreds of thousands of SNPs and relate them to the hypertension-attributed CKD. Currently, there is under-representation of African populations in genomic datasets, with less that 3% of samples in large GWAS projects being of African descent, consisting mainly of African Americans (Popejoy and Fullerton, 2016). The H3Africa Consortium has collected samples from large cohorts across the different regions of Africa, sequenced whole genomes from some of the populations and has developed a GWAS array that is unique and endowed for common African variations. Once available, this will be the best-suited array for African GWAS. 


7.3 Conclusion
Our study provides evidence that APOL1 risk variants are present in black South Africans, though their frequency does not differ between patients with hypertension-attributed CKD, their first degree relatives and healthy black South Africans. We did not detect an association of APOL1 risk variants with hypertension-attributed CKD. We did however show a very strong association between the absence of JC viruria and hypertension-attributed CKD, which was even more magnified in the setting of a concomitant absence of JCV viruria plus presence of two APOL1 risk alleles. We found no associations of the polymorphisms in the podocin and BMP4 genes with hypertension-attributed CKD. However, in the presence of two APOL1 risk variants, there was a trend towards an increased risk of kidney disease. We have demonstrated that in black South Africans, the presence of “second hits”, either gene-gene or gene-environmental interactions is essential in modulating the risk of hypertension-attributed CKD.

7.4 Future studies
Approximately 1 in 2500 hypertensive patients develop CKD (Schelling et al., 1999). It is thus important that we monitor the effects of the genes studied (APOL1, NPHS2, BMP4 and SDCCAG8) on the development and progression of kidney disease in hypertensive populations without kidney disease and in those with milder forms of hypertension-attributed CKD. 
Functional studies are needed in order to understand the biological function of the APOL1 high risk variants. As we currently have statistical association studies of APOL1 risk variants and nondiabetic kidney disease, it is necessary that work on cellular and mouse models continues to help us understand the pathophysiology of the gene product of the APOL1 high risk alleles. 
The effects of overexpression of APOL1 wild-type (G0) and kidney disease risk variants (G1 and G2) was studied in human podocytes (Lan et al., 2014). The G1 and G2 variants APOL1 caused podocyte injury by increasing lysosomal permeability at lower concentrations compared to the wild-type APOL1, which caused injury only at higher concentrations (Lan et al., 2014). In pronephrons of zebrafish, whose structure and function is similar to those of humans, transgenic expression of APOL1 G1/G2 was associated with endothelial cell swelling, segmental early double contours and loss of endothelial fenestrae but not with edema, proteinuria or (Olabisi et al., 2016a). In cell culture, expression of either G1 or G2 APOL1 variants resulted in cytotoxicity, with increased cell swelling and cell death compared to G0 expressing cells, which was preceded by G1 or G2 APOL1-induced net efflux of intracellular potassium, resulting in activation of stress-activated protein kinases (Olabisi et al., 2016b). In a mouse model with conditional and inducible expression of APOL1 wild-type and risk alleles, there was severe albuminuria, increased foot-process effacement and glomerulosclerosis in mice expressing the G1 and G2 risk alleles in the podocytes compared to those expressing the wild-type risk alleles (Beckerman et al., 2017). Expression of the APOL1 risk variants interfered with endosomal trafficking and blocked autophagic flux, leading to podocyte death and glomerulosclerosis (Beckerman et al., 2017). 
The APOL gen family consists of six genes (APOL1 to APOL6) which evolved rapidly in primate species (Dummer et al., 2015) . The APOL1 gene is found in humans and some primate species like baboons and gorillas (Friedman and Pollak, 2011). There is complete loss of APOL1 in chimpanzees suggesting that the gene is not essential for normal physiological function (Dummer et al., 2015). Johnstone et al (2012) described an APOL1 null person in India who had normal renal function, providing further evidence that APOL1 might not be necessary for normal kidney physiological function. Animal models have been used in medical research to gain a better understanding of a human disease without the added risk of harm to human. A role and benefit, as well the potential harm of primate animal models needs to be considered.
Non-communicable diseases (NCD) are a major focus of the World Health Organization and are usually a result of a combination of genetic, physiological, environmental and behavioral factors. The 2030 Agenda for Sustainable Development includes a target of reducing premature deaths from NCDs by one-third by 2030 (United Nations, 2016). Identification of genetically susceptible individuals, early diagnosis of disease and identification and prevention of environmental triggers would greatly assist in the attainment of this agenda. 
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APPENDIX H: SOCIOECONOMIC AND LIFESTYLE FACTORS QUESTIONNARE
						Patient/ Control code no:	

A. Marital status
	Married
	1

	Single
	2

	Divorced
	3

	Separated
	4

	Widowed
	5


	
B. Education
B.1 Highest level attained
	Primary school
	1

	Secondary school
	2

	Matric
	3

	Tertiary education
	4


								
C. Household characteristics
C.1 Ownership of dwelling 
	Owned
	1

	Paid rental
	2

	Free rental
	3


								
C.2 Type of dwelling
	Dwelling on separate stand/yard / farm
	1

	Traditional dwelling eg hut
	2

	Flat or apartment
	3

	Cluster in security complex
	4

	Townhouse/ semi-detached house
	5

	Dwelling in a backyard
	6

	Informal dwelling  in a backyard
	7

	Informal dwelling not in a backyard
	8

	Room or flatlet
	9

	Other
	10


		


C.3 Number of persons per household
	Live alone
	1

	2-5
	2

	5-10
	3

	10-20
	4

	>20
	5


			
C.4 Sanitation characteristics
	Flush toilet inside dwelling
	1

	Flush toilet on-site or in yard
	2

	Pit latrine with ventilation pipe
	3

	Pit latrine without ventilation pipe
	4

	Bucket toilet
	5

	Other/ None
	6



C.5 Water source
	Piped water in dwelling
	1

	Piped water on-site or in yard
	2

	Borehole on-site
	3

	Rainwater tank no-site
	4

	Neighbour’s tap
	5

	Public tap
	6

	Flowing water/ stream/ river
	7

	Well/ spring
	8

	Other
	9


								
C.6 Source of power/fuel
	Electricity
	1

	Gas
	2

	Liquid fuel eg paraffin
	3

	Solid fuel eg coal
	4

	Other
	5



C.7 Sewerage collection 
	Yes
	1

	No
	2




C.8 Refuse collection
	Yes
	1

	No
	2



D. Income
D.1.1 Employment (prior 6 months before dialysis initiation, if on dialysis)
	Full time employment (≥30 hours per week)
	1

	Part time employment
<30 hours per week)
	2

	Self employed
	3

	Not employed
	4


 
							
D.1.2 Current employment (ALL patients)
	Full time employment
	1

	Part time employment
	2

	Self employed
	3

	Not employed
	4


						
D.2 Annual household income (in South African rands)
	0- 20 000
	1

	20 000- 50 000
	2

	50 000- 100 000
	3

	100 000- 250 000
	4

	250 000- 500 000
	5

	500 000- 1 000 000
	6

	>1 000 000
	7



D.3 Source of income
	Income from work
	1

	Pension, social insurance 
	2

	Family allowance
	3

	Rentals paid by tenants
	4

	Income from individuals
	5

	Other
	6





E. Transport
	Own motor car
	1

	Own motorcycle
	2

	Own bicycle
	3

	Public transport- train
	4

	Public transport- bus
	5

	Public transport- taxi
	6

	Other
	7


									
F. Alcoholic beverages
F.1 Consumption of alcoholic beverages
	Never drink
	1

	2 days or less per week
	2

	3 days per week
	3

	4 or more days per week
	4



F.2 On days that you drink, on average how many drinks do you have?
	Never drink
	1

	1-2 drinks
	2

	3-4 drinks
	3

	5 or more
	4



F.3 Type of alcohol consumed
	Never drink
	1

	Beer
	2

	Wine
	3

	Spirits
	4



G. Smoking status
	Never smoked
	1

	Former smoker
	2

	Current smoker
	3







G.1 For current and former smokers
	Never smoked
	1

	1-14 g/day
	2

	15-25 g/day
	3

	>25 g/day
	4



G.2 No of years smoking…………….
G.3 Pack- years…………………

H. Physical activity (minimum 30 minutes moderate or greater physical activity per day)
	Daily
	1

	5-7 days
	2

	3-5 days
	3

	1-3 days
	4

	Never
	5


 










APPENDIX I: DNA EXTRACTION USING SALTING-OUT METHOD
SOLUTIONS NEEDED:
1. Sucrose-Triton-X-Lysis Buffer
Ten milliliters of 1M Tris-HCL, pH 8.0 was added into a one litre bottle. This was followed by 5ml of 1M MgCl2 and 10ml 1X Triton X-100 solution. To this solution, sterile distilled water was added until a final volume of 1 litre was reached.  It was then autoclaved and stored at 4°C. Just before use, 109.5g of sucrose was added to this solution. Approximately 70ml of the solution is required per 10ml of the sample.
2. 20mM Tris-HCL and 5mM EDTA (T20E5) Solution
Twenty milliliters of 1M Tris-HCL was poured onto a 1 litre bottle (to make 20 mM of Tris-HCL) followed by 10mL of 0.5 EDTA (to make 5mM of EDTA). Distilled water was added to the solution, until a total volume of 1 litre was reached. The solution was autoclaved and stored at room temperature.
3. Saturated Sodium Chloride (NaCl) solution
Forty grams of NaCl were added slowly to 100ml sterile distilled water until completely saturated. This solution was stored at room temperature.
4. Proteinase k Master Mix
· 10% Sodium dodecyl sulphate (SDS) in sterile distilled water
· 0.5 EDTA made is sterile distilled water
· 20mg/ml Proteinase K







Table H1: Proteinase K Master Mix
	
	Stock Solution
	2mL
	8mL

	1% SDS
	10%
	200µl
	800µl

	2mM EDTA
	0.5M
	8µl
	32µl

	2mg/mL Proteinase K
	20mg/Ml
	200µl 
	800µl

	Water
	
	1600µl
	6400µl



Solutions were prepared fresh each time, according to the table above, depending on the number of samples.
PROCEDURE
 Day One:
1. 5 to 10 ml of whole blood was decanted into a 50 ml polypropylene tube (Falcon tube). The extraction was done in a batch of 8 samples. 
2. Each Falcon tube containing the whole blood was filled to the 40ml mark with cold sucrose-Triton-X lysing buffer. This detergent lyses the red blood cells.  The tube was inverted several times to mix and centrifuged for 10 minutes at 2300rpm.
3. The supernatant fluid, containing lysed red cells, was poured off as “Blood Waste”. A reddish-white pellet containing the leucocytes was left in the tube. 
4. The pellets were washed with 20-25 ml of the cold sucrose-Triton-X lysing buffer and placed on ice for 5 minutes.
5. The Falcon tubes were centrifuged for 10 minutes at 2300rpm. The wash was repeated to ensure that most of the red cell debris was removed in the supernatant.
6. 3ml T20E5, 0.2ml 10% SDS (sodium dodecyl sulphate) and 0.5ml Proteinase-K mix was added to each Falcon tube containing the sample. This step lyses the white blood cells and degrades the protein. The detergent SDS acts by breaking up the lipid bilayer of the cell membrane.
8. The components of the Falcon tube were mixed by inversion and incubated in a water bath at 42 °C overnight.
Day Two
1. 1ml saturated NaCl was added to the lysate and the components were vigorously agitated for 15 seconds by inversion.
2. The tubes with salt were placed on ice for 10 minutes and then centrifuged at 2300rpm for 30 minutes such that a white pellet, containing proteins precipitated by salt was visible.
3. The supernatant fluid containing the DNA was transferred to new Falcon tubes labelled with the participant codes. Twenty millilitres of absolute ethanol kept at room temperature were added to the tubes. In the presence of a high salt concentration, DNA is not soluble in ethanol, therefore DNA was precipitated out of solution with the addition of the absolute ethanol.
4. After gentle agitation, the DNA was spooled or fished out of solution using a P200 pipette tip, then washed in 70% ice-cold ethanol to remove excess salt that could interfere with enzymatic reactions. The DNA was placed in safety-lock Eppendorf tubes labelled with participant codes. The ethanol was allowed to evaporate at room temperature. The DNA was air dried and resuspended in appropriate amount of 1X TRIS-EDTA (TE) buffer (usually 200µl to 1000µl).
5. If the DNA was not visible or was fragmented, the DNA was precipitated at -70°C for 30 minutes. The Falcon tube was then centrifuged at 2300rpm for 20 minutes to pellet the DNA. The supernatant fluid was discarded and the DNA pellet washed with 70% ethanol and centrifuged 10 min. The ethanol was discarded and the Falcon tube inverted on a paper towel to dry the pellet before resuspending the DNA pellet in an appropriate amount of 1x TE buffer (usually 20-100µl). This was then placed in a safety-locked Eppendorf tube labelled with participant code.












APPENDIX J: 2.5% AGAROSE GEL 
Materials
· Agarose powder
· Gel box
· 1X Tris Borate EDTA (TBE)
· Combs
Set up 
1. 2.5 grams of agarose was weighed into a conical flask followed by 100ml of 1X TBE solution. The agarose/buffer mixture was heated in a microwave in order to dissolve the agarose. At 30 second intervals, the flask was removed and swirled to mix. This was repeated until the agarose had completely dissolved.
2. The agarose was allowed to cool to about 60°C and 3µl of ethidium bromide added for the staining and visualization of the PCR products.
3. The gel tray was placed into the casting apparatus, taped the open edges of a gel tray to create a mold and an appropriate comb placed into the gel mold to create the wells.
4. The molten agaraose was then poured into the gel mold and the agarose allowed to set at room temperature for approximately 1 hour. Once set, the comb was removed and the gel placed in the gel box. Running buffer (1XTBE) was then added onto the molten gel and into the gel box in order to cover the surface of the molten gel.
5. 10µl of the samples were mixed with a 6X loading dye (ThermoScientificTM, Leicestershire, UK) in a ratio of 1:1 and loaded onto the appropriate wells. The loading dye helps to track how far the DNA sample has travelled and also allows the sample to sink into the gel. 
6. A DC power supply was connected to the casting system in such a way that the cathode (black leads) was closer to the wells than the anode (red leads). The DC power was turned on and the gel with samples were allowed run until the dye had migrated one-half to three-fourths of the way through the gel.












APPENDIX K: LUMINEX® PERFOMANCE ASSAY: UROMODULIN 

PRINCIPLES OF THE ASSAY
Luminex® Performance Assay multiplex kits are designed for use with a Luminex 100TM, Luminex 200TM, or Bio-Rad® dual laser, flow-based sorting and detection platforms manufactured by Luminex Corporation.
Analyte-specific antibodies are pre-coated onto color-coded microparticles. Microparticles, standards and samples are pipetted into wells and the immobilized antibodies bind the analyte of interest. After washing away any unbound substances, a biotinylated antibody cocktail specific to the analyte of interest is added to each well. Following a wash to remove any unbound biotinylated antibody, streptavidin-phycoerythrin conjugate (Streptavidin-PE), which binds to the biotinylated antibody is added to each well. A final wash removes unbound Streptavidin-PE and the microparticles are resuspended in buffer and read using a Luminex or Bio-Plex analyzer. Two spectrallt distinct Light Emitting Diodes (LED) illuminate the beads. One LED identifies the analylate that is being detected and the second LED determines the magnitude of the PE-derived signal, which is in direct proportion to the amount of analyte bound.
SAMPLE COLLECTION AND PREPARATION
Urine was stored at -80C. On the day of the procedure, the urine was thawed and centrifuged to mix contents thoroughly
SAMPLE PREPARATION
A 4000-fold dilution was done by adding 10ul of sample to 90 µl of calibrator diluent RD6-52. Ten (10) µl of this diluted sample was added to 190 µl of calibrator diluent RD6-52. Ten microliters of the diluted sample were added to 190 µl of calibrator diluent RD6-52.
REAGANT PREPARATION
All reagents were brought to at room temperature before use
A. Wash buffer
20 mL of Wash Buffer Concentrate was added to 480 mL of distilled water to a final volume of 500 mL of Wash Buffer.
B. Standards
The standards were provided by the manufacturer. The standard cocktail was reconstituted with Calibrator Diluent RD6-52, according to the manufacturer’s instructions.
C. Diluted Microparticle cocktail preparation
1. The Microparticle cocktail vial was centrifuged for 30 seconds at 1000 x g prior to removing the cap
2. The vial was gently vortexed to resuspend the microparticles, taking precautions not to invert the vial
3. The Microparticle cocktail was diluted using the calibrator diluent RD2-1 in the mixing bottle provided. For 96 samples, we mixed 500 µl of the Microparticle cocktail to 5.00 mL of the calibrator diluent RD2-1
D. Diluted Biotin antibody cocktail preparation
1. The Biotin antibody cocktail vial was centrifuged for 30 seconds at 1000 x g prior to removing the cap
2. For 96 wells, 500 µl of the Biotin antibody cocktail was diluted with 5.00 mL of the diluent RD2-1
E. Streptavididn-PE Preparation
1. A polypropylene amber bottle wrapped in aluminum foil was used. The Streptavididn-PE vial was centrifuged for 30 seconds at 1000 x g prior to removing the cap.
2. The vial was gently vortexed, taking precautions not to invert the vial.
3. The Streptavididn-PE concentrate was diluted to a 1X concentration by adding 220 µl of Streptavididn-PE concentrate to 5.35 mL of wash buffer (for 96 samples)
INSTRUMENT SETTINGS
A Bio-PlexTM 200 system analyzer was used:
· 50 events/bead
· Sample size: 50 µl
· Collect Median fluorescence intensity
· Flow rate: 60 µl/ minute
· Doublet discriminator gates at approximately 8000 to 16,500
ASSAY PROCEDURE
1. All reagents and samples were brought to room temperature before use.
2. The diluted microparticle cocktail was resuspended by vortexing. 50 µl of the microparticle cocktail was added to each well.
3. 50 µlof standard or sample was added to each well. The plate was securely covered with a foil plate sealer. The plate was incubated for 2 hours at room temperature on a horizontal microplate shaker (0.12’’ orbit) set at 800 rpm.
4. A magnetic device designed to accommodate a microplate was used with the magnet applied to the bottom of the microplate, allowing 1 minute before the liquid was remove. After removal of the fluid was removed, each well was filled with 100 µl of wash buffer and allows to settle for 1 minute before the liquid was removed again. The wash procedure was repeated three times.
5. 50 µl of diluted biotin antibody cocktail was added to each well. The plate was covered with foil plate sealer and incubated for 1 hour at room temperature on the the shaker set at 800 rpm
6. The wash step was repeated 3 three time 
7. The microparticles were resuspended by adding 100 µl of wash buffer to each well. The plate was incubated on the shaker for 2 minutes with the shaker set at 800 rpm.
8. A Bio-PlexTM 200 system analyzer (Bio-Rad, Texas, USA) was used to read.
CALCULATION OF RESULTS
A standard curve was created by reducing the data using computer software capable of generating a five parameter logistic (5-PL) curve-fit. Since the samples had been diluted, the concentration read form the standard curve was multiplied by the dilution factor.
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APPENDIX M:  SUPPLEMENTARY DATA FOR CHAPTER 3
Table M1: Demographic and clinical characteristics of first-degree relatives of patients with hypertension-attributed CKD, based on the number of APOL1 nephropathy risk variants (Kruskal-Wallis* and recessive genetic model**) 

	Characteristic
	0 APOL1 risk variants
	1  APOL1 risk variants
	2  APOL1 risk 
 variants
	P value* 
	P value**

	N (%)
	28 (57%)
	18 (37%)
	3 (6%)
	
	

	Male, n (%)
	9 (32%)
	6 (33.3%)
	1 (33.3%)
	0.966#
	0.979

	BMI, kg/m2

	27.1 (25.2- 31.2)
	26.9 (23.9-34.7)
	24.4 (22.7-24.6)
	0.208
	0.087

	Systolic BP, mmHg

	 127.5 (115.5-143.5)
	129.5 (127-149)
	108 (98-127)
	0.095
	0.061

	Diastolic BP, mmHg

	75.5 (72-87)
	77.5 (70-88)
	73 (70-73)
	0.494
	0.235

	Mean arterial pressure, mmHg
	93.2 (86.3-107.7)
	95.3 (88.7-107.7)
	82.7 (81.3-91)
	0.211
	0.087

	Serum creatinine, µmol/L

	77.5 (63.5-87)
	75.5 (64-83)
	66 (60-76)
	0.436
	0.288

	CKD-EPI eGFR, ml/min per 1.73 m2

	109 (86.5-138.5)
	121 (93-138)
	139 (134-148)
	0.193
	0.133

	Urine ACR, mg/mmol
	1.4 (0-2.9)
	1.55 (0-4.7)
	5.9 (1.2-6.3)
	0.239
	0.093


Data given as the median (interquartile range) unless otherwise indicated.
#Pearson chi square test
Abbreviations: BMI, body mass index; BP, blood pressure; eGFR, estimated glomerular filtration rate; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; ACR, albumin: creatinine ratio.

Table M2: Demographic and clinical characteristics of patients with hypertension-attributed CKD, based on the number of APOL1 nephropathy risk variants (dominant and additive genetic models)  
	Characteristic
	0 APOL1 risk variants
	1  APOL1 risk variants
	2  APOL1 risk 
 variants
	p- value*
	p-value#

	p- value$


	N (%)
	35 (50)
	28 (40)
	7 (10)
	
	
	

	Male, n (%)
	20 (57)
	21(75)
	4 (57)
	0.212
	0.140
	1.000

	Age, years

	48 (42-56)
	48 (42.5-53)
	41 (35-50)
	0.470
	0.766
	0.177

	Age at  diagnosis of CKD, years

	44 (40-53)
	45.5 (40-52)
	40 (32-47)
	0.651
	0.995
	0.188

	BMI, kg/m2

	28.1 (24.4-29.3)
	27.3 (23.5-30.2)
	28 (26.5-36.1)
	0.609
	0.399
	0.555

	Systolic BP, mmHg

	143 (130-167)
	140.5 (135.5-168)
	110 (141-110)
	0.778
	0.735
	0.987

	Diastolic BP, mmHg

	84 (78-97)
	88 (78-98.5)
	80 (61-101)
	0.814
	0.648
	0.660

	Serum creatinine, µmol/L

	768 (505-006)
	819 (499-1203)
	638 (390-1030)
	0.668
	0.464
	0.578

	CKD-EPI eGFR, ml/min per 1.73 m2

	8 (4-12)
	6.5 (4-11.5)
	10 (4-14)
	0.860
	0.658
	0.566

	HDL, mmol/L

	0.98 (0.83-1.24)
	1.16 (0.84-1.41)
	0.92 (0.91-1.34)
	0.307
	0.208
	0.917

	Urine PCR g/mmol

	0.1 (0.04- 0.18)
	0.08 (0.06-014)
	0.09 (0.08-0.12)
	0.550
	0.568
	0.749


Data given as the median (interquartile range) unless otherwise indicated.
*Dominant genetic model: zero risk allele vs 1 or 2 risk allele
#Additive 1 genetic model: one vs zero one risk allele
$Additive 2 genetic model: two vs zero risk allele
Abbreviations: CKD, chronic kidney disease; BP, blood pressure; BMI, body mass index; eGFR, estimated glomerular filtration rate; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; HDL, high density lipoprotein; PCR, protein: creatinine ratio.
Table M3: Demographic and clinical characteristics of first-degree relatives, based on the number of APOL1 nephropathy risk variants (dominant and additive genetic models)  

	Characteristic
	0 APOL1 risk variants
	1  APOL1 risk variants
	2  APOL1 risk 
 Variants
	p-value*
	p-value#

	p-value$


	N (%)
	28 (57%)
	18 (37%)
	3 (6%)
	
	
	

	Male, n (%)
	9 (32%)
	6 (33.3%)
	1 (33.3%)
	0.930
	0.933
	0.967

	Systolic BP, mmHg

	 127.5 (115.5-143.5)
	129.5 (127-149)
	108 (98-127)
	0.628
	0.285
	0.116

	Diastolic BP, mmHg

	75.5 (72-87)
	77.5 (70-88)
	73 (70-73)
	0.724
	0.973
	0.204

	Serum creatinine, µmol/L

	77.5 (63.5-87)
	75.5 (64-83)
	66 (60-76)
	0.312
	0.465
	0.242

	CKD-EPI eGFR, ml/min per 1.73 m2

	109 (86.5-138.5)
	121 (93-138)
	139 (134-148)
	0.157
	0.301
	0.109

	HDL, mmol/L

	1.30 (1.1-1.48)
	1.27 (1.16-1.37)
	1.68 (1.3-2.05)
	0.973
	0.737
	0.284

	Urine ACR, mg/mmol

	1.4 (0-2.9)
	1.55 (0-4.7)
	5.9 (1.2-6.3)
	0.499
	0.889
	0.067


*Dominant genetic model: zero risk allele vs 1 or 2 risk allele
#Additive 1 genetic model: one vs zero one risk allele
$Additive 2 genetic model: two vs zero risk allele
Abbreviations: BP, blood pressure; eGFR, estimated glomerular filtration rate; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; HDL, high density lipoprotein; ACR: albumin: creatinine ratio
APPENDIX N: SUPPLEMENTARY DATA FOR CHAPTER 4

Table N1: Descriptive statistics of socioeconomic factors 

	Socioeconomic Variable
	CKD cases
N (%)
	First-degree relatives
N (%)
	Controls
N (%)
	p-value*
	p-value#

	N
	71
	52
	58
	
	

	Education
Primary school
Secondary school
Matric
Tertiary
	
9 (12.68)
17 (24)
30 (42.2)
15 (21.1)
	
3 (5.77)
15 (28.85)
13 (25)
21 (40.38)
	
3 (5.2)
2 (3.45)
25 (43.1)
28 (48.3)
	
P <0.001
	
P = 0.002

	Sewerage collection
Yes
No

	
70 (98.6)
1 (1.4)
	
50 (96.15)
2 (3.85)
	
54 (93.1)
4 (6.9)
	
P = 0.108
	
P = 0.482

	Employment
Unemployed
Student/ Pensioner
Employed

	
31 (43.66)
1 (1.4)
39 (54.93)
	
8 (15.38)
18 (34.62)
26 (50)
	
6 (10.34)
1 (1.72)
51 (87.93)
	
P <0.001
	
P <0.001

	Annual income (ZAR)
0-20,000
21-50,000
51-100,000
101-250,000
251,000-500,000
500,000-1,000,000

	
26 (36.62)
12 (16.9)
17 (23.94)
10 (14.08)
4 (5.63)
2 (2.82)
	
25 (48.08)
8 (15.38)
7 (13.46)
6 (11.54)
3 (5.77)
3 (5.77)
	
15 (25.86)
8 (13.79)
7 (12.07)
16 (27.59)
11 (18.97)
1 (1.72)
	
P = 0.039
	
P = 0.031

	Transport
Public transport
Own car/motorcycle
	
53 (74.65)
18 (25.35)
	
45 (86.54)
7 (13.46)
	
39 (67.24)
19 (32.76)
	
P = 0.355
	
P = 0.017

	Type of dwelling
Informal
Traditional (hut)
Formal
	
14 (19.7)
0
57 (80.3)
	
8 (15.38)
0
44 (84.62)
	
11 (19)
1 (1.7)
46 (79.3)
	
P = 0.539
	
P = 0.550

	Latrine
Pit latrine
Flush toilet on site
Flush toilet inside
	
0
13 (18.3)
58 (81.7)
	
0 
6 (11.54)
46 (88.46)
	
1 (1.7)
9 (15.5)
48 (82.76)
	
P = 0.503
	
P = 0.517


*p-value: CKD cases vs. controls
#p-value: first-degree relatives vs. control 





Table N2: Significance levels for Spearman’s rank correlation matrix

	Variable
	Education
	Type dwelling
	Latrine
	Sewerage collection
	Employed
	Annual income

	Education
	
	
	
	
	
	

	Type dwelling
	0.0077
	
	
	
	
	

	Latrine
	0.0035
	<0.001
	
	
	
	

	Sewerage collection
	0.2663
	0.1369
	0.0338
	
	
	

	Employed
	0.0090
	0.6372
	0.5718
	0.7201
	
	

	Annual income
	<0.001
	0.0467
	0.0291
	0.9517
	<0.001
	

	Transport
	<0.001
	0.0054
	0.0168
	0.2457
	<0.001
	<0.001
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Figure N1: Scree plot










Table N3: Results from Principal Component Analysis

	Principal components
	Eigenvalue
	Variance proportion
	Cumulative proportion

	PC 1
	2.49
	0.36
	0.36

	PC 2
	1.57
	0.22
	0.58

	PC 3
	0.99
	0.14
	0.72

	PC 4
	0.79
	0.11
	0.83

	PC 5
	0.61
	0.09
	0.92

	PC 6
	0.31
	0.04
	0.97

	PC 7
	0.25
	0.04
	1.00




Table N4: Coefficients of the first principal component for the 7 variables (socioeconomic status score)

	Variable
	Coefficient 

	Annual income
	0.52

	Transport
	0.46

	Employed
	0.38

	Education 
	0.37

	Latrine
	0.35

	Dwelling
	0.34

	Sewerage collection
	0.07


Bolded if ≥ |0.3015|

APPENDIX O: POLYMORPHISMS IN NPHS2 AND BMP4 GENES IN FIRST-DEGREE RELATIVES
Table O1: Relationship between rs16854341 polymorphisms in the NPHS2 gene and clinical and demographic features in first-degree relatives 
	Rs16854341
	AA
	AG or GG
	p-value* 

	N (%)
	32/46 
	14/47
	

	Gender (M/F)
	10/22
	6/8 
	0.447#

	Age, years

	27  (22-45)
	46 (21-61)
	0.193

	BMI, kg/m2

	27 (25 -33)
	27 (25-31)
	0.886

	Systolic BP, mmHg

	128 (116-149)
	131 (123-149)
	0.316

	Diastolic BP, mmHg

	75 (70-89)
	76 (74-85)
	0.616

	Mean arterial pressure, mmHg
	92 (85-109)
	95 (89-108)
	0.294

	Serum creatinine, µmol/L

	77 (65-84)
	75 (63-86)
	0.802

	CKD-EPI eGFR, ml/min per 1.73 m2
	121 (92-138)
	101 (87-124)
	0.424

	Uric acid mmol/L
	0.3 (0.3-0.3)
	0.3 (0.2-0.4)
	0.870

	Total cholesterol mmol/L

	3.9 (3.6-4.9)
	4.5 (3.8-5.5)
	0.240

	HDL, mmol/L

	1.3 (1.2-1.4)
	1.3 (1.0-1.5)
	0.800

	LDL, mmol/L

	2.2 (1.7-3.0)
	2.9 (1.9-3.2)
	0.302

	Urine ACR  mg/mmol
	1.4 (0.0-4.2)
	0.8 (0.0-1.9)
	0.526


 Data given as median (interquartile range) unless specified
p-value: * Wilcoxon test; #Pearson chi square test
Abbreviations: BP, blood pressure; BMI, body mass index; eGFR, estimated glomerular filtration rate; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; HDL, high density lipoprotein; LDL, low density lipoprotein; ACR, albumin :creatinine ratio. 







Table O2:  Relationship between rs8014363 polymorphisms in the BMP4 gene and clinical and demographic features in first-degree relatives 


	Rs8014363
	CC or CT
	TT
	p-value* 

	N (%)
	25/50
	25/50
	

	Gender (M/F)
	9/16
	7/18
	0.544#

	Age, years

	26 (22-46)
	34 (20-51)
	0.460

	BMI, kg/m2

	27 (24-40)
	27 (24.6-35)
	1.000

	Systolic BP, mmHg

	127 (118-139)
	130 (120-149)
	0.190

	Diastolic BP, mmHg

	73 (70-86)
	74 (76-89)
	0.162

	Mean arterial pressure, mmHg
	91 (84-107)
	95 (90-110)
	0.105

	Serum creatinine, µmol/L

	76 (64-87)
	70 (64-82)
	0.607

	CKD-EPI eGFR, ml/min per 1.73 m2

	125 (87-142)
	110 (92-137)
	0.839

	Uric acid mmol/L
	0.3 (0.2-0.3)
	0.3 (0.3-0.3)
	0.306

	Total cholesterol mmol/L

	4.0 (3.6-4.7)
	4.1 (3.7-5.4)
	0.532

	HDL, mmol/L

	1.3 (0.9-1.5)
	1.3 (1.2-1.5)
	0.224

	LDL, mmol/L

	2.3 (1.8-3.1)
	2.7 (1.9-3.2)
	0.496

	Urine ACR  mg/mmol
	2.5 (0.4-4.2)
	0.9 (0.0-1.8)
	0.101


Data given as median (interquartile range) unless specified
p-value:* Wilcoxon test; #Pearson chi square test
Abbreviations: BP, blood pressure; BMI, body mass index; eGFR, estimated glomerular filtration rate; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; HDL, high density lipoprotein; LDL, low density lipoprotein; ACR, albumin :creatinine ratio. 
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Figure 2 Region of association with nondiabetic ESRD on chromosome 22.
The peak lod score was 9.31, and the 95% Cl spanned from 31.388650 to
35039798 Mb, covering 22 genes. We considered a lod score for associ-
ation at a particular locus of 5 as approximately genome-wide significant




