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Abstract

Background and objectives Recessive inheritance of African-specific APOL1 kidney risk variants is associated
with higher risk of nondiabetic kidney disease, progression to kidney failure, and early-onset albuminuria that
precedes eGFR decline. The effect of APOLI risk variants on kidney disease in continental Africans is
understudied. Objectives of this study were to determine APOLI risk allele prevalence and associations between
APOLI1 genotypes and kidney disease in West, East, and South Africa.

Design, setting, participants, & measurements This cross-sectional population-based study in four African
countries included 10,769 participants largely aged 40-60 years with sociodemographic and health information,
anthropometry data, and blood and urine tests for biomarkers of kidney disease. APOLI1 risk alleles were
imputed from the H3Africa genotyping array, APOLI risk allele and genotype frequencies were determined, and
genetic associations were assessed for kidney disease. Kidney disease was defined as the presence of eGFR <60
ml/min per 1.73 m?, albuminuria, or a composite end point including eGFR <60 ml/min per 1.73 m? and/or
albuminuria.

Results High G1 allele frequencies occurred in South and West Africa (approximately 7%-13%). G2 allele
frequencies were highest in South Africa (15%—24%), followed by West Africa (9%-12%). Associations between
APOLI risk variants and albuminuria were significant for recessive (odds ratio, 1.63; 95% confidence interval, 1.25
to 2.12) and additive (odds ratio, 1.39; 95% confidence interval, 1.09 to 1.76) models. Associations were stronger
for APOL1 G1/G1 genotypes versus G0/G0 (odds ratio, 3.87; 95% confidence interval, 2.16 to 6.93) compared
with either G2/G2 (odds ratio, 1.65; 95% confidence interval, 1.09 to 2.51) or G1/G2 (odds ratio, 1.24; 95%
confidence interval, 0.83 to 1.87). No association between APOLI risk variants and eGFR <60 ml/min per 1.73 m?
was observed.

Conclusions APOLI G1 and G2 alleles and high-risk genotype frequencies differed between and within West and
South Africa and were almost absent from East Africa. APOL1 risk variants were associated with albuminuria but
not eGFR <60 ml/min per 1.73 m”. There may be differential effects of homozygous G1 and G2 genotypes on
albuminuria that require further investigation.

CJASN 17:798-808, 2022. doi: https:/ /doi.org/10.2215/CJN.14321121

Introduction kidney risk variants that include two missense single
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Prevalent CKD is estimated at 8%—16% worldwide, with
high morbidity and mortality in resource-limited coun-
tries (1). The true prevalence of CKD and phenotypic
associations with genetic risk factors are understudied in
resident African populations (2). By contrast, CKD and
associated genetic risk are well characterized in admixed
African American populations, informed by a series of
landmark studies. These studies showed that focal
segmental glomerulosclerosis (FSGS), hypertension-
attributed kidney disease, and human immunodeficiency
virus-associated nephropathy (HIVAN) were strongly
associated with three African-specific apolipoprotein L1
(APOLI) coding variants on chromosome 22 (3-8).

The chromosome 22 region was discovered by admix-
ture mapping and found to harbor African-specific
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nucleotide polymorphisms (SNPs) defining the G1 hap-
lotype (rs73885319 and rs60910145) and a six-base-pair
deletion removing two amino acids (rs71785313) defin-
ing the G2 haplotype (9). Most likely, G1 and G2 var-
iants originated in West Africa, and their frequency
increased due to recent positive selection by Trypano-
soma brucei rhodesiense in East Africa and Trypanosoma
brucei gambiense in West Africa (10).

Subsequent studies showed that APOLI risk
alleles were not associated with diabetic or IgA
nephropathy but were associated with collapsing glo-
merulopathies due to systemic lupus erythematosus,
exogenous interferon (IFN) administration, untreated
HIV infection, and, more recently, severe acute respi-
ratory syndrome coronavirus 2 (6,11-15). To date, the
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spectrum of APOLI-associated disease includes sickle cell
nephropathy, preeclampsia, FSGS, and hypertension-
attributed kidney disease (16). In the African American
population, APOL1 allele frequencies are approximately
23% for G1 and 13% for G2 (6). Almost 50% of the African
American population carries one risk allele, and approxi-
mately 13% of the African American population carries
two risk alleles (G1/G1, G1/G2, and G2/G2), comprising
the high-risk genotype for kidney disease (17). Although
case-control studies contribute to understanding APOLI-
associated kidney disease (often reporting high odds ratios
[ORs]), these are limited by selection and survival biases
and require corroboration in population-based studies (18).

Large community-based studies have confirmed higher
risk for incident kidney disease (albuminuria; eGFR <60
ml/min per 1.73 m?), progression to kidney failure, and
early-onset albuminuria that precedes decline in eGFR in
African American populations with APOL1 high-risk geno-
types compared with other US population groups
(7,19-23). Most studies support a recessive model of inheri-
tance with little or no differential effects between high-risk
genotypes (5,6,11).

However, differential effects between G1 and G2 homozy-
gotes have been reported. When compared with G2 homo-
zygotes, G1 homozygotes in the Dallas Heart study had a
higher incidence of kidney disease (eGFR <60 ml/min per
1.73 m?) overall (P=0.05) and for nondiabetic kidney disease
(P=0.007), and G1 homozygotes in the Jackson Heart study
had higher risks for CKD (P=0.04) and albuminuria
(P=0.02) (7,24). Furthermore, G1/G0 heterozygosity has
been associated with higher risk for hypertension-associated
kidney failure, younger age at presentation of nondiabetic
kidney failure, and higher risk for FSGS or HIVAN, whereas
G2/G0 heterozygosity is present in all documented cases of
IFN-associated nephropathy (5,6,15,25-27).

Although frequency distributions of APOL1 alleles have
been reported, no population-based studies and only a
handful of case-control studies have investigated the spec-
trum of APOLI-associated kidney disease in sub-Saharan
Africa. Regarding APOL]1 allele frequencies, some West Afri-
can ethnic groups from Ghana and Nigeria have G1 frequen-
cies >40% with lower G2 frequencies (6%—24%). Previously
published studies reported lower combined G1 and G2 fre-
quencies (approximately 18.4%) in South Africa, and absent
or infrequent occurrence in East Africa (15,17,28).

Of the available patient-control studies, APOLI high-risk
genotypes have been associated with hypertension-
attributed kidney disease in the Democratic Republic of
Congo, specifically G1/G1 and G1/G2 (OR, 7.7; 95% confi-
dence interval [95% CI], 1.5 to 39.7) (29); nondiabetic kid-
ney disease in Nigeria (OR, 4.8; 95% CI, 1.6 to 14.9) (30);
and HIVAN in South Africa (OR, 89; 95% CI, 18 to 912)
(15). The APOL1 association with HIVAN differs remark-
ably between South Africans (OR, 89; 95% CI, 18 to 912)
and African American participants (OR, 29; 95% CI, 13.1 to
68.5), although approximately the same number (78% and
72%, respectively) of cases carried high-risk genotypes
(6,15). In the South African study (but not the US study),
the G1/G0 genotype was strongly associated with HIVAN
risk. In a Nigerian study of HIV-infected participants on
antiretroviral therapy, APOLI high-risk genotypes were
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associated with a higher likelihood of microalbuminuria
(OR, 1.97; 95% (I, 1.37 to 2.82) and macroalbuminuria (OR,
3.96; 95% CI, 1.95 to 8.02); this was the first study from the
region to investigate the effect of APOL1 high-risk geno-
types on early kidney disease (31).

In our large population-based study from West, East,
and South Africa, we performed an exploratory analysis to
characterize APOL1 genetic variation, compare allele and
genotype frequencies within and between study sites,
and investigate associations between APOL1 genotypes and
biomarkers of kidney disease: low eGFR, albuminuria, and
a composite end point comprising low eGFR and/or
albuminuria.

Materials and Methods
Study Participants

This study was part of the Africa Wits-International Net-
work for the Demographic Evaluation of Populations and
Their Health Partnership for Genomic Studies (referred to
as AWI-Gen), a cross-sectional population-based study of
over 12,000 participants largely aged 40-60 years at recruit-
ment from six participating urban and rural centers in four
sub-Saharan African countries. Pregnant women, first-
degree relatives of existing participants, recent immigrants
(with <10 years of residence in the region), and individuals
with physical impairments preventing measurement of BP
and other anthropometric indices were excluded. West
Africa included two countries: Ghana (Navrongo) and Bur-
kina Faso (Nanoro), East Africa included Kenya (Nairobi),
and South Africa had three study sites (Soweto, Agincourt,
and Dikgale). The overall aim of the AWI-Gen collabora-
tion is to investigate genomic and environmental risk fac-
tors that affect cardiometabolic disease (32,33).

For this study, 10,769 adults with data for APOLI geno-
types were included. The Human Research Ethics Commit-
tee of the University of the Witwatersrand, South Africa,
approved the study, with additional institutional review
board approval from each participating site. All partici-
pants provided written informed consent, and the study
was conducted in accordance with the Declaration of
Helsinki. Study methods are detailed elsewhere (33), but
briefly, cross-sectional demographic, health, and family
history information was obtained through a researcher-
administered questionnaire. Self-reported ethnicity was col-
lected to assess diversity of participants. Anthropometric
measurements, clinical data, fasting venous blood samples,
and spot midstream urine samples were collected.

This study received the approval of the Human Research
Ethics Committee (Medical), University of the Witwaters-
rand/South Africa (M121029 and M170880); the Centre
Muraz Institutional Ethics Committee/Burkina Faso (015-
2014/CE- CM); the National Ethics Committee for Health
Research/Burkina Faso (2014-08-096); the Ghana Health
Service Ethics Review Committee (identification no. GHS-
ERC:05/05/2015); the Navrongo Institutional Review
Board (identification no. NHRCIRB178); and the AMREF
Health Ethics and Scientific Review Committee in Kenya
(approval no. P114/2014). All of the participants provided
informed consent before entering the study.
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Biomarkers of Kidney Disease

Biomarkers of kidney disease were defined as low eGFR
(eGFR <60 ml/min per 1.73 m?), albuminuria (random spot
urine: urine albumin-creatinine ratio [UACR] >30 mg/g), and
a composite end point including low eGFR and/or albumin-
uria. The Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI; creatinine) 2009 equation without adjustment for
African American ethnicity (34) was used to estimate the GFR.

At each partner site, blood and urine specimens were proc-
essed and stored at —80°C. After completion of the study,
each partner site transported samples on dry ice to a central
laboratory in Johannesburg, South Africa. At the central labo-
ratory, all analyses were batched and performed according to
good laboratory practice with external monitoring for quality
control. Serum creatinine and urine creatinine (milligrams
per deciliter) were measured using the Jaffe kinetic method
calibrated to an isotope dilution mass spectrometry-traceable
standard. Urinary albumin concentration was measured with
immunoturbidimetry. The UACR (milligrams per gram) was
calculated from these measurements. DNA extracted from
buffy coat samples was used for genotyping.

Comorbidities and Socioeconomic Status

Diabetes mellitus was defined as fasting blood glucose
=126 mg/dl, random blood glucose >198 mg/dl, self-
reported history of diabetes mellitus, or currently on treat-
ment regardless of the glucose concentration. Hypertension
was defined as mean systolic BP =140 mm Hg, mean
diastolic BP =90 mm Hg, self-reported history of hyperten-
sion, or currently on treatment regardless of BP measure-
ment. HIV status was self-reported or diagnosed with a
rapid test. Socioeconomic status was assessed using a vali-
dated tool appropriate for assessing wealth in low- and
middle-income settings. Household assets are scored, and
on the basis of the score, data are represented as quintiles,
with the poorest in the first quintile (33).

Genotyping and Imputation of APOLT Genotypes

APOL1 G1 and G2 are formally haplotypes (Supplemental
Table 1), but for ease of understanding, we refer to them as
alleles in this publication. The APOLI haplotypes carrying
neither G1 nor G2 variants are termed GO. APOL1 high-risk
genotypes comprise two risk alleles (G1/G1, G1/G2, and
G2/G2), and low-risk genotypes comprise zero or one risk
allele (G0/G0, GO/G1, and G0/G2).

Genomic DNA was genotyped using the H3Africa geno-
typing array (https://www.h3abionet.org/h3africa-chip)
designed as an African common variant-enriched GWAS
array (Illumina) with approximately 2.3 million SNPs.
Preimputation quality control was applied to the entire
AWI-Gen genotype dataset. Individuals with a missing
SNP calling rate >0.05 were removed. SNPs with geno-
type missingness >0.05, minor allele frequency <0.01, and
Hardy-Weinberg equilibrium P value <0.001 were removed.
Nonautosomal and mitochondrial SNPs and ambiguous
SNPs that did not match the GRCh37 reference alleles or
strands were removed.

Imputation was performed on the cleaned dataset (with
1,729,661 SNPs and 10,903 individuals) with the UK10K
and 1000 Genomes Project panel, using the Sanger imputa-
tion service (35). We extracted 187 positions between

35649056 and 37663576 on chromosome 22 around the
APOL1 gene from AWI-Gen GWAS data and used three
whole-genome sequencing datasets to assess imputation
accuracy: AWI-Gen whole-genome sequencing (36), 1000
Genomes Project (37), and the African Genome Variation
Project (38). Three genomics positions were used to define
the APOL1 risk alleles G1 and G2: rs73885319 (p.S342G),
rs60910145 (p.I384M), and insertion/deletion rs71785313
(p-N388Y389/—) (Supplemental Table 1). The imputation of
these three variants was compared with the original
sequences from the whole-genome sequencing datasets.

Statistical Analyses: Genetic Association with Biomarkers
of Kidney Disease

We used mixed effects models using the ImerTest pack-
age (39) to compute associations between APOLI alleles
and biomarkers of kidney disease. Logistic mixed models
were used for binary biomarkers (low eGFR, albuminuria,
and the composite end point for kidney disease). For analy-
ses stratified by site, we used logistic models for binary bio-
markers. ORs with 95% Cls were calculated for the associa-
tion between biomarkers of kidney disease and (1) zero or
one versus two APOLI risk alleles (recessive model), (2)
zero versus one or two APOLI risk alleles (dominant
model), or (3) three genotype groups (zero versus one ver-
sus two risk alleles; additive model). The models were
adjusted for age, sex, body mass index (BMI), diabetes mel-
litus, hypertension, and HIV status as fixed variables and
study site as a random variable. ORs and statistical signifi-
cance were assessed using mixed effects models for car-
riage of one or two APOLI risk alleles in the recessive,
dominant, and additive models. APOL1 analysis was strati-
fied by diabetes mellitus, hypertension, and HIV status,
and mixed effects models were used to assess associations
with albuminuria in recessive models. Furthermore, GxE
interaction terms were computed independently using
interaction terms between APOLI and diabetes mellitus,
hypertension, and HIV in models adjusted for covariates.

For tables of descriptive data, the proportion of missing
data for each variable was indicated using the appropriate
denominator (different from the stipulated sample size) or
annotated as a footnote. Missing data were not imputed.
For UACR, data were missing at random for the Agincourt
and Soweto sites, South Africa. Of note, there were no
UACR data for women participants in Soweto. To assess
potential effects of these missing data on the association
between high-risk APOL1 genotypes and albuminuria,
fixed effects meta-analyses using results from linear mixed
models by site and by sex confirmed that no significant
bias was introduced from the missing data. To assess
whether there was a site effect for the association between
high-risk APOL1 genotypes and albuminuria, we tested for
heterogeneity using the Cochrane test.

Results
Genotype Imputation Quality

The rs73885319 SNP defining the G1 allele was present
in the H3Africa array, and there was full concordance
between the genotyped allele calls and imputed calls.
Imputation accuracy values using African samples for
rs60910145 (in linkage disequilibrium with the functional
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G1 1573885319 SNP) and rs71785313 (G2) were 99.9% and  Population Characteristics and APOLT Allele and

99.0%, respectively, between whole-genome sequence and ~ Genotype Frequencies in South, East, and West African
imputed data. Similarly, other populations showed concor- AWI-Gen Studies Sites

dance between GO, G1, and G2 alleles and imputed data Demographic and clinical characteristics and APOL1
assessed using sequence data (Supplemental Table 2). allele and genotype frequency distributions for each study

Table 1. Population characteristics and APOLT allele and genotype frequencies in the Africa Wits-International Network for the
Demographic Evaluation of Populations and Their Health Partnership for Genomic Studies

Africa Wits—International Network for the Demographic
Evaluation of Populations and Their Health Partnership for Genomic Studies Site

Variable South Africa East Africa West Africa Overall
Agincourt, Soweto, Dikgale, Nairobi, Nanoro, Navrongo, All Sites
Rural Urban Rural Urban Rural Rural
Sample size, N 2253 1775 1143 1771 1983 1844 10,769
Clinical phenotype

Age, yr 58 (11) 49 (6) 52 (8) 49 (6) 50 (6) 51 (6) 52 (8)

Men, N (%) 938 (42) 922 (52) 361 (32) 804 (45) 1009 (51) 842 (46) 4876 (45)

Women, N (%) 1315 (58) 853 (48) 782 (68) 967 (55) 974 (49) 1002 (64) 5893 (55)

Height, m 1.65 (0.85) 1.65 (0.88) 1.62 (0.84) 1.64 (0.87) 1.68 (0.87) 1.62 (0.86) 1.65 (0.89)

Weight, kg 74 (17) 78 (19) 72 (20) 68 (14) 59 (12) 57 (10) 68 (17)

BMI, kg/m*® 27.2 (6.7) 28.9 (7.7) 27.8 (8.2) 25.4 (5.7) 21.0 (3.5) 21.6 (3.6) 25.1 (6.7)

Diabetes mellitus, N (%)° 194/2214 (9) 167/1770 (9) 113/1136 (10) 124/1755 (7) 72/1973 (4) 25/1794 (1) 695/10,642 (7)

Hypertension, N (%) 1265/2253 (56) 949/1775 (54) 515/1143 (45) 486/1771 (27) 322/1983 (16) 455/1844 (25) 3992/10,769 (37)

HIV infection, N (%)Ol 602/2251 (27) 253/1207 (21) 224/1124 (20) 216/1561 (14) 8/1983 (0.4) 15/1844 (0.8) 1318/9970 (13)

Biomarkers of kidney

function, median (IQR)

Serum creatinine, mg/d1° 0.77 (0.22) 0.79 (0.22) 0.78 (0.24) 0.75 (0.21) 0.72 (0.21) 0.75 (0.21) 0.82 (0.2)

eGFR, ml/min per 1.73 m?*f 92 (21) 100 (23) 95 (25) 102 (17) 104 (13) 100 (16) 100 (20)

Urine albumin, mg/g® 4 (10) 1 (6) 3(8) 4(8) 2 (3) 1(2) 2 (6)

Biomarkers of kidney

disease," N (%)

Low eGFR' 114/2197 (5.2) 53/1724 (3.1) 36/1140 (3.2) 55/1768 (3.1) 45/1970 (2.3) 44/1843 (2.4) 347/10,642 (3.3)

Albuminuria®/ 258/1789 (14)  107/857 (13) 115/1024 (11) 184/1599 (12) 114/1913 (6) 114/1701 (7)  892/8883 (10)

Composite end point* 295/1740 (17)  120/856 (14) 142/1021 (14) 222/1596 (14) 144/1902 (8)  151/1700 (9)  1074/8815 (12)

APOL1 allele distributions,

N (%)

GO allele 2999 (67) 2666 (75) 1730 (76) 3108 (88) 3098 (78) 2793 (76) 16,394 (76)

Gl allele 437 (10) 355 (10) 167 (7) 177 (5) 500 (13) 437 (12) 2073 (10)

G2 allele 1070 (24) 529 (15) 389 (17) 257 (7) 368 (9) 458 (12) 3071 (14)

APOL1 genotype

distributions, N (%)

0 risk alleles (G0/G0) 997 (44)' 1009 (57)" 658 (58)! 1360 (77)" 1210 (61)! 1041 (57)! 6275 (58)"

1 risk allele 1005 (45)" 648 (37)! 414 (36)' 388 (22)! 678 (34)! 711 (39)' 3844 (36)"
G0/G1 300 (13) 266 (15) 119 (10) 157 (9) 393 (20) 349 (19) 1584 (15)
G0/G2 705 (31) 382 (22? 295 (26) 231 (13) 285 (14) 362 (20) 2260 (21)

2 risk alleles 251 (11)! 118 (7) 71 (6)! 23 (1) 95 (5)! 92 (5)! 650 (6)!
G1/G1 14 (0.6) 16 (0.9) 5 (0.4) 4(0.2) 28 (1.4) 17 (0.9) 84 (0.8)
G1/G2 109 (5) 57 (3) 38 (3) 12 (0.7) 51 (3) 54 (3) 321 (3)
G2/G2 128 (6) 45 (3) 28 (3) 7 (0.4) 16 (0.8) 21 (1) 245 (2)

BMI, body mass index; IQR, interquartile range.

?All data are reported as mean (SD) unless stated otherwise. Categories are reported as number (N) and percentage; percentages
may sum to =100 from rounding up.

PBMI missing data overall n=456 (4%): 453 of 456 Agincourt, two of 456 Soweto, and one of 456 Nanoro.

“Diabetes mellitus missing data overall n=127 (1%): 50 of 127 Navrongo, 39 of 127 Agincourt, 16 of 127 Nairobi, ten of 127 Nanoro,
seven of 127 Dikgale, and five of 127 Soweto.

dHIV infection missing data overall n=799 (7%): 568 of 799 Soweto, 210 of 799 Nairobi, 19 of 799 Dikgale, and two of 799 Agincourt.

€Serum creatinine eGFR missing data overall #=239 (2%): 91 of 239 Agincourt, 63 of 239 Soweto, 31 of 239 Nanoro, 22 of 239
Navrongo, 21 of 239 Nairobi, and 11 of 239 Dikgale.

feGFR is calculated using the Chronic Kidney Disease Epidemiology Collaboration (creatinine) equation 2009 without adjusting for
the African American coefficient.

8Urine albumin and albuminuria missing data overall n=1886 (18%): 918 of 1886 Soweto, 464 of 1886 Agincourt, 172 of 1886
Nairobi, 143 of 1886 Navrongo, 119 of 1886 Dikgale, and 70 of 1886 Nanoro.

"For biomarkers of kidney disease, repeat measures for those with albuminuria or low eGFR were not performed, preventing
confirmation of CKD. The category “Biomarkers of kidney disease” was used to define these measures on a single screening.

‘Low eGFR is eGFR <60 ml/min per 1.73 m? calculated using the Chronic Kidney Disease Epidemiology Collaboration (creatinine)
equation 2009 without adjusting for the African American coefficient.

JAlbuminuria is random spot urine albumin-creatinine ratio >30 mg/g.

“The composite end point is low eGFR and/or albuminuria.

lCorresponds at main section and in genotype at the total of individual with zero risk allele, one risk allele, and two risk alleles.
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site and overall are summarized in Table 1. The mean age of
participants was similar across all sites, with some differ-
ences in ratios of men to women. Compared with East and
West Africa, the three South African sites had the highest
prevalence of diabetes mellitus, hypertension, HIV, obesity,

Nanoro
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and kidney disease. Overall, APOLI allele frequencies were
10% for G1 and 14% for G2. G1 allele frequencies ranged
from 5% to 13% across the sites, with the highest frequencies
in West Africa. G2 allele frequencies varied widely from 7%
to 24%, with the highest frequencies in South Africa. The

Nairobi
©
©
<
aq
|
v v
0\\0 \0 {ﬁo «\9
~2~
Agincourt
©
©
<
(9]
= 9 q/\o"’ &
® 0 0 Q\g
<
[aV)
v
0\\0 “ (»0 \\6

Figure 1. | Combined “high-risk” genotype frequencies are highest in West Africa or South Africa and lowest in East Africa, with distinct
differences with regard to the G1/G1, G1/G2 and G2/G2 genotypes across regions. APOL1 genotype (G1/G1, G1/G2, and G2/G2) fre-
quencies (percentages) and combined “high-risk” genotypes (G1/G1, G1/G2, and G2/G2) for each sub-Saharan African region: Nanoro
and Navrongo in West Africa; Nairobi in East Africa; and Soweto, Dikgale, and Agincourt study sites in South Africa.
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Table 2.
dominant, and additive models

Biomarkers of Kidney Disease®

Association between APOLT and biomarkers of kidney disease by risk allele status (zero, one, or two) and recessive,

Low eGFRP

Albuminuria® Composite End Point®

Frequency of APOLI1 risk alleles, N (%)
0

APOL1 models odds ratio
(95% confidence interval)
Sample size, N
Additive
Dominant, 0 versus 1 or 2 risk alleles
Recessive, 0 or 1 versus 2 risk alleles

93408

202/6210 (3.3)

1 122/3797 (3.2) 306/3105 (10) 363/3083 (12)
2 23/635 (3.6) 79/519 (15) 84/507 (17)
All 347/10,642 (3.0)° 892/8883 (10)* 1074/8815 (12)

0.78 (0.52 to 1.19)
0.86 (0.67 to 1.11)
0.87 (0.52 to 1.47)

507/5259 (10) 627/5225 (12)

85268
1.39 (1.09 to 1.76)
1.12 (0.97 to 1.31)
1.63 (1.25 to 2.12)

84868
1.16 (0.93 to 1.45)
1.03 (0.90 to 1.19)
1.37 (1.06 to 1.78)

9The composite end point is low eGFR and/or albuminuria.
“Missing data n=127 of 10,967 (1%).
fMissing data n=1886 of 10,967 (17%).

*For biomarkers of kidney disease, repeat measures for those with albuminuria or low eGFR were not performed, preventing
confirmation of CKD; therefore, we used “biomarkers of kidney disease” to define these measures on a single screening.

"Low eGFR is eGFR <60 ml/min per 1.73 m? calculated using the Chronic Kidney Disease Epidemiology Collaboration
(creatinine) equation (2009) without adjusting for the African American coefficient.

€Albuminuria is a random spot urine albumin-creatinine ratio >30 mg/g.

8Corresponds at main section and in genotype at the total of individual with zero risk allele, one risk allele, and two risk alleles.

lowest allele frequencies for G1 (5%) and G2 (7%) occurred
in East Africa (Table 1). High-risk APOL1 genotype frequen-
cies were 6% overall, with the lowest in East Africa (1%) and
the highest in South Africa (11%). APOL1 allele and geno-
type frequencies were highly variable among self-reported
ethnic groups (Figure 1, Supplemental Table 3).

APOLT Genotypes and Associated Risk for Kidney Disease
across All AWI-Gen Studies Sites

Associations between APOLI status (stratified by zero,
one, or two risk alleles) and kidney disease risk factors are
summarized in Supplemental Table 4. For the study out-
comes—low eGFR, albuminuria, and the composite end
point—associations with APOLI stratified by zero, one, or
two risk alleles and using additive, recessive, and dominant
models of inheritance are summarized in Table 2. Overall,
for low eGFR, there was no association with APOL1 for any
of the models tested. For albuminuria, the association with
APOL1 was significant for the recessive (OR, 1.63; 95% CI,
1.25 to 2.12) and additive models (OR, 1.39; 95% CI, 1.09 to
1.76); for the composite end point, the association was sig-
nificant for the recessive model (OR, 1.37; 95% CI, 1.06 to
1.78), likely driven by the association with albuminuria.
There was no significant heterogeneity (P=0.78) when com-
paring the association with APOL1 and albuminuria among
West, East, and South Africa, and the sample size was likely
underpowered to reach statistical significance in East Africa
(Supplemental Figure 1, Supplemental Table 5).

The prevalence of obesity was higher in the group with
two APOLL1 risk alleles (Supplemental Table 4). As obesity
can be causal for albuminuria and we had adjusted our
models for BMI, we tested whether the associations with
APOL1 changed without adjusting for BMI and found no
difference (Supplemental Table 6). There was no effect of
socioeconomic status on the association between APOL1
and low eGFR, albuminuria, and the composite end point

(Supplemental Table 7). We tested for associations with
APOL1 and low eGFR, albuminuria, and the composite end
point stratified by individuals with comorbidity (diabetes
mellitus, hypertension, and HIV). APOL1 was associated
with albuminuria in individuals who did not have diabetes
mellitus, HT, or HIV, and the interaction term was only sig-
nificant in the minimally adjusted model (Table 3,
Supplemental Tables 9 and 10).

We performed exploratory analyses with different geno-
type combinations for their association with kidney disease
biomarkers. Although there was no association with low
eGFR, the association with albuminuria was strongest for
G1 homozygotes overall (OR, 3.87; 95% CI, 2.16 to 6.93) and
in West Africa (OR, 4.93; 95% CI, 2.15 to 10.26) and South
Africa (OR, 3.67; 95% CI, 1.38 to 8.82), and a significant, but
smaller effect was seen with G2 homozygotes overall (OR,
1.65; 95% CI, 1.09 to 2.51) and in South Africa (OR, 1.62; 95%
CI, 1.01 to 2.51). For the composite end point, only the asso-
ciation with G1 homozygotes remained significant overall
(OR, 2.73; 95% CI, 1.51 to 4.96) and in West Africa (OR, 3.45;
95% CI, 1.52 to 7.13). There were no significant associations
with the G1/G2 genotype and low eGFR, albuminuria, and
the composite end point (Table 4). The differential effect
sizes between the two homozygous high-risk genotypes
(G1/G1 compared with G2/G2) on the three biomarkers of
kidney disease are shown in Supplemental Table 8.

Discussion

We determined population frequencies of APOL1 alleles
and genotypes in multiple ethnic groups from sub-Saharan
Africa and investigated their association with biomarkers
of kidney disease, leading to several important findings.
First, the overall population frequencies of G1 (10%) and
G2 (14%) alleles and high-risk genotypes (6%) were lower
than reported in African American populations but similar
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Comorbidity Albuminuria,?

Table 3. APOLT associations with albuminuria stratified by diabetes, hypertension, and HIV status

Albuminuria® Odds
Ratio (95% Confidence

Albuminuria® Odds

Ratio (95% Confidence Pinteraction term Value,

Status n/N (%) Age Jrlgetzir—‘::i)j,uste d Alg.terval), FullyC Age+iz>gd21‘gmsted
Model® justed Model
Diabetes 0.31
Absent 745/8259 (9.0) 1.68 (1.28 to 2.20) 1.71 (1.30 to 2.26)
Present 131/523 (25.0) 1.20 (0.53 to 2.74) 1.06 (0.45 to 2.49)
Hypertension 0.04
Absent 383/5781 (6.6) 1.94 (1.34 to 2.82) 2.09 (1.43 to 3.05)
Present 509/3102 (16.4) 1.30 (0.91 to 1.85) 1.33 (0.92 to 1.92)
HIV 0.40
Negative 655/7508 (8.7) 1.64 (1.22 to 2.19) 1.72 (1.28 to 2.33)
Positive 202/1129 (17.9) 1.28 (0.74 to 2.23) 1.36 (0.78 to 2.40)

missing data.

?Albuminuria is random spot urine albumin-creatinine ratio >30 mg/g.

PLogistic mixed models were adjusted for age and sex as fixed variables.

“Logistic mixed models were adjusted for site as a random variable and age, sex, body mass index, diabetes mellitus status,
hypertension status, and HIV status as fixed variables. Some participants were excluded from the fully adjusted model due to

to a recent study from Nigeria, West Africa (high-risk geno-
type: 6%) (17). We observed distinct differences in popula-
tion frequencies of APOLI alleles and high-risk genotypes
when comparing West, East, and South African regions
and among ethnic groups within each region, with the low-
est frequencies among East African ethnic groups.

Second, APOL1 high-risk genotypes were strongly associ-
ated with albuminuria but not with low eGFR. The associa-
tion with albuminuria is consistent with continental African

(29) and African American studies (7,40,41). The absence of
association with low eGFR might be explained by the use of
GFR estimating equations that have limited validation in
sub-Saharan Africa, including little difference between the
CKD-EPI (creatinine) 2009 and 2021 equations (Supple-
mental Appendix 1), and laboratory use of the Jaffe rather
than the enzymatic assay for creatinine—both of which
tend toward overestimating eGFR. It is also plausible that
a survival or frailty bias resulting from the near absence of

Table 4. Association between APOLT genotype and biomarkers of kidney disease stratified by region

Composite end point’
G0/G1

0.97 (0.79 to 1.19)

0.84 (0.44 to 1.50)

0.83 (0.61 to 1.13)

Genotype® All East Africa South Africa West Africa
Low eGFR®
G0/G1 1.03 (0.73 to 1.47) 1.00 (0.29 to 2.63) 1.06 (0.61 to 1.76) 1.01 (0.58 to 1.69)

G0/G2 0.76 (0.55 to 1.05) 0.77 (0.26 to 1.88) 0.82 (0.53 to 1.25) 0.74 (0.37 to 1.34)
G1/G1 0.52 (0.07 to 3.83) NAS 0 (0 to 35,130.28) 0.93 (0.05 to 4.47)
G1/G2 0.81 (0.39 to 1.69) 4.0 (0.2 to 26.4) 1.13 (0.46 to 2.38) NA®
G2/G2 0.89 (0.41 to 1.94) 15.09 (0.69 to 125.23) 0.99 (0.38 to 2.18) NA€
Albuminuria®
G0/G1 0.97 (0.77 to 1.22) 0.79 (0.38 to 1.48) 0.82 (0.58 to 1.14) 1.3 (0.9 to 1.8)
G0/G2 1.09 (0.9 to 1.31) 1.21 (0.73 to 1.95) 1.06 (0.84 to 1.35) 1.1 (0.7 to 1.6)
G1/G1 3.87 (2.16 to 6.93)¢ NA€ 3.67 (1.38 to 8.82)¢ 4.93 (2.15 to 10.26)°
G1/G2 1.24 (0.83 to 1.87) 3.24 (0.16 to 23.79) 1.20 (0.72 to 1.92) 1.28 (0.52 to 2.66)
G2/G2 1.65 (1.09 to 2.51)¢ 4.63 (0.62 to 23.40) 1.62 (1.01 to 2.51)¢ 1.09 (0.17 to 3.71)

1.22 (0.89 to 1.65)

G0/G2 0.99 (0.83 to 1.17) 1.12 (0.69 to 1.77) 0.98 (0.78 to 1.22) 0.95 (0.67 to 1.34)
G1/G1 2.73 (151 to 4.96)° NAS 2.47 (0.87 to 6.18) 3.45 (1.52 to 7.13)°
G1/G2 1.06 (0.72 to 1.57) 2.56 (0.12 to 19.26) 1.11 (0.69 to 1.73) 0.89 (0.37 to 1.83)
G2/G2 1.40 (0.93 to 2.11) 4.32 (0.59 to 21.73) 1.41 (0.89 to 2.17) 0.74 (0.12 to 2.52)

The associations between APOL1 genotype and biomarkers of kidney disease are presented as odds ratios and 95% confidence

intervals. For biomarkers of kidney disease, repeat measures for those with low eGFR or albuminuria were not performed, thus

preventing confirmation of CKD; therefore, we used “biomarkers of kidney disease” to define these measures on a single

screening. Linear and logistic mixed models were adjusted for site as a random variable and age, sex, body mass index, diabetes

mellitus status, hypertension status, and HIV status as fixed variables. NA, not applicable.

2APOL1 genotypes G0/G1, G0/G2, G1/G1, G1/G2, and G2/G2 were compared with G0/GO as the reference.

PLow eGFR is eGFR <60 ml/min per 1.73 m? calculated using the Chronic Kidney Disease Epidemiology Collaboration
(creatinine) equation 2009 without adjusting for the African American coefficient.

“Sample size was too small to perform the statistical test.

4 Albuminuria is random spot urine albumin-creatinine ratio >3.0 mg/g.

“Corresponds at main section and in genotype at the total of individual with zero risk allele, one risk allele, and two risk alleles.

The composite end point is low eGFR and/or albuminuria.
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access to KRT for those with kidney failure accounts for
the lack of association with low eGFR because those with
progressive kidney disease due to APOLI might be under-
represented in our sample. Finally, the population-based
study design did not select for groups with severe or pro-
gressive kidney disease.

Third, regarding kidney disease risk, we showed an
association with obesity and two APOLI risk alleles but no
demonstrable effect of obesity on the association of APOL1
with albuminuria. Our findings corroborate those of a
similar-sized study of 11,930 African American partici-
pants, where each risk allele was associated with greater
obesity odds (1.13-fold) (42), but this association has not
been demonstrated in other large cohorts, such as the Coro-
nary Artery Risk Development in Young Adults and the
Atherosclerosis Risk in Communities studies (19,43). There
was no effect of socioeconomic status on the association
between APOL1 and albuminuria. Although this finding is
similar to those observed in African American participants
(19/43), the assets-based score differs from scoring systems
used in high-income settings, and quintile differences may
be difficult to detect when the overall status of African par-
ticipants is one of widespread poverty. There was a signifi-
cant interaction when testing the APOLI association with
albuminuria for the minimally adjusted model between
participants with and without hypertension, but no signifi-
cant interactions between established risk factors (diabetes,
hypertension, and HIV) and APOLI1 risk alleles in the fully
adjusted model. This lack of interaction could be due to the
limited sample size of subgroups of individuals with HIV
and diabetes.

Lastly, differential effects of G1 and G2 homozygous gen-
otypes on albuminuria are similar to those reported in the
Dallas and Jackson Heart studies, but contradict other stud-
ies in which high-risk genotypes have near-equivalent
genetic associations in the homozygous or compound het-
erozygous states (7,24). The absence of association with
APOL1 G1/G2 and albuminuria has not been previously
described and is difficult to explain, especially because
G1/G2 represents the largest group of high-risk genotypes.
Studies have shown functional differences between G1
and G2, with their proteins showing differential binding
affinities to the trypanosome-encoded serum resistance—as-
sociated protein and associations with susceptibility to T.b.
rhodiense and T.b. gambiense infection and disease (27). Pro-
posed mechanisms of APOLI-induced cytotoxicity in kidney
tissue using in vitro and mouse models include enhanced
local APOL1 expression and reduced degradation, increased
cation transport, downstream intracellular activation of the
inflammasome, defects in autophagy, and mitochondrial
dysfunction. However, none of these demonstrate differen-
tial effects among high-risk genotypes (16).

Our study has important strengths and limitations.
Strengths lie in the well-characterized cohort; the large
population-based sampling frame; inclusion of multiple eth-
nic groups from countries at different stages of the health
and epidemiologic transition in West, East, and South
Africa; and the availability of GFR estimates and albumin-
uria as biomarkers of kidney disease. The cross-sectional
study design is a limitation as single measurements of eGFR
and albuminuria preclude CKD diagnosis. Although albu-
minuria is a marker for CKD progression, it can also be
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reversible or regress with time, which is particularly rele-
vant in sub-Saharan Africa where acute, chronic, and
endemic infectious disease burdens are high, as are heavy
metal and toxin exposures. Without longitudinal follow-up,
the effect of high-risk APOL1 genotypes on incident albu-
minuria, incident CKD, and CKD progression cannot be
evaluated. As our analyses were exploratory and sample
sizes were relatively small for some subgroup comparisons,
our findings should be considered hypothesis generating
and will hopefully inform future work for validation.

In conclusion, population frequencies of APOL1 G1 and
G2 alleles and high-risk genotypes differed between and
within West and South Africa and were almost absent from
East Africa. APOL1 kidney risk variants were associated
with albuminuria but not eGFR. We noted differential
effects of homozygous G1 and G2 genotypes on albumin-
uria, which might result from genetic or environmental
modifiers. Compared with findings in African American
populations, the relatively low frequencies and variable
penetrance of APOL1 high-risk genotypes, regional differ-
ences in the association with albuminuria, and absence of
association with low eGFR may reflect the vast genetic
diversity of African populations, differences in gene-
environment interactions or genetic modifiers in resident
African populations, and the absence of European admix-
ture. Further studies in sub-Saharan Africa with data from
different regions and ethnic groups are required to confirm
and refine the effect of APOLI risk variants on kidney phe-
notypes, and longitudinal studies are needed to assess the
role of APOL1 and CKD incidence and progression.
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