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Abstract

Background: Genetic variants in APOL1 are a major con-
tributor to the increased risk of kidney disease in people of
recent African ancestry. Summary: Two alleles in the APOL1
gene, referred to as G1 and G2, confer increased risk of kidney
disease under a recessive model of risk inheritance. Disease risk
is inherited as a recessive trait: People with genotypes G1/G1,
G2/G2, and G1/G2 (i.e, a risk allele from each parent) have
increased risk for what we refer to here as APOL1-associated
kidney disease. In the USA, about 13% of the self-identified
African-American population has a high-risk genotype. As we
discuss below, APOL1 is an unusual disease gene. Most studies
to date have suggested that the G1 and G2 variants have toxic,
gain-of-function effects on the encoded protein. Key Message:
In this article, we review key concepts critical to understanding
APOL1-associated kidney disease, emphasizing ways in which
it is highly atypical for a human disease-causing gene.
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Introduction

Two alleles in the APOL1 gene, each leading to an
altered apolipoprotein-L1 protein sequence, confer

greatly increased risk of kidney disease under a recessive
model of risk inheritance [1, 2]. In what is now com-
monly used nomenclature, G1, the first of these alleles,
refers to a pair of coding polymorphisms (or cSNPs,
p.S342 and p.I384M) that are almost always inherited
together; G2, the second disease-associated APOLI al-
lele, refers to a six nucleotide deletion that leads to the
in-frame loss of two amino acids (p.N388 and p.Y389;
see Fig. 1). We refer to the alleles lacking G1 or G2 as GO,
which we view as preferable to the term “wild type.” For
our purposes, we can limit ourselves largely to discus-
sions of GO, G1, and G2, although there are additional
coding and noncoding variants in APOLL1 that further
subdivide these haplotypes. (Note that one group has
given the name G3 to another particular APOL1 hap-
lotype that lacks the G1 or G2 defining variants — this
allele is not associated with kidney disease [3].)

The APOLLI locus and the specific variants associated
with kidney disease were identified by studies designed to
identify genetic contributions to the large racial disparity in
rates of kidney disease (specifically, the high rate among
African Americans). Now that the specific variants driving
disease risk have been identified, we know that the G1 and
G2 variants are more accurately described as ancestry-
associated than race-associated. These variants arose in
sub-Saharan Africa. Because people who identify as Black
or African American are enriched for west African an-
cestry, they have much higher rates of these alleles than
other commonly defined racial or ethnic groups.
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Fig. 1. APOLI protein and genotypes. Major APOL1 domains are
named based on their role in trypanolysis. The APOLI risk
variants are located near the C-terminus in the serum resistance
antigen (SRA)-binding domain. The membrane-addressing do-
main is a pH-sensitive switch that facilitates membrane insertion
sequences of the GO, G1, and G2 APOLLI alleles. The SRA-binding

Disease risk is inherited as a recessive trait: People
with genotypes G1/G1, G2/G2, and G1/G2 (i.e., a risk
allele from each parent) are the people at risk for what
we refer to as APOL1-associated kidney disease (or,
alternatively, APOL1-mediated kidney disease). In the
USA, about 13% of the self-identified African-American
population has a high-risk genotype. Among African-
Americans with nondiabetic kidney disease, this number
is on the order of 50% (see details below), illustrating the
enormous impact of this gene.

APOLLI is but one contributor to the racial disparity in
rates of kidney disease. Furthermore, an individual need
not identify as African-American to inherit disease-
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domain forms a coiled-coil structure with a leucine zipper motif.
Among African Americans, the allele frequency of Gl is ap-
proximately 23%, and G2 is approximately 15%. Two risk alleles
(one inherited from each parent) are required for the APOLI high-
risk genotype that greatly increases risk of kidney disease.

associated APOLI risk genotypes. We view it as im-
portant progress that we are able to better dissociate
ancestry-associated and genetically driven kidney disease
from other, largely social determinates of kidney health.

As we hope to illustrate below, APOLI is an unusual
disease gene. We review some key concepts critical to
understanding APOL1-associated kidney disease, with an
emphasis on ways in which it is atypical for a human
disease-causing gene (see Table 1).

Recessive Gain of Function
APOL1-associated kidney disease (also often referred
to as APOL1-associated nephropathy, APOLI1-mediated
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kidney disease) follows an essentially recessive pattern of
inheritance. Individuals with two risk alleles (genotypes
G1/G1, G1/G2, and G2/G2) are the individuals at high
risk of kidney disease. Odds ratios vary widely,
depending on the specific kidney phenotype being
considered. For focal segmental glomerulosclerosis
(FSGS), perhaps the prototypical form of APOLI-
asociated kidney injury, odds ratios are approximately
15- to 20-fold higher for those people with high-risk
APOL1 genotypes than those without. There appears to
be a very small increase in disease risk for people het-
erozygous for risk alleles, but this has not been observed
in all studies, and appears to be most relevant for the
specific phenotypes that are most strongly associated
with APOL1 genotype, such as HIV-associated ne-
phropathy (HIVAN) and COVID19-associated ne-
phropathy [4, 5]. Even when this heterozygous-associated
disease risk has been observed, the effect is dwarfed in
comparison to the risk associated with two risk alleles. For
all practical purposes, it the genotypes G0/GO0, GO/G1, and
GO/G2 can all be considered “low risk.”

As a general rule, we tend to think of recessive diseases
as childhood onset, loss-of-function diseases. By contrast,
we tend to think of gain-of-function mutations as causing
dominant diseases. While this is an oversimplification, it
holds true for most inherited diseases. To contrast
APOL1-associated kidney disease with other inherited
kidney diseases, Bartter’s syndrome is a collection of
mostly recessive disease characterized by loss of an es-
sential thick ascending limb ion transport function [6]. By
contrast, the one subtype of Bartter syndrome known to
be inherited as a dominant trait is caused by gain-of-
function mutations in the calcium sensing receptor
(CASR): mutations make the encoded receptor hyper-
active rather than inactive [7].

Why do we think that APOL1-associated nephropathy
is not the result of loss of normal APOL1 function, similar
to what is seen in most recessive disorders? One piece of
evidence comes from an observation in a single human
[8]. A healthy man in rural India was described several
years ago who developed a Trypansoma evansi infection
and was found to have inactivating (loss-of-function)
mutations in the APOL1 gene that prevented production
of a normal APOLI protein. While his susceptibility to
this infection was presumably due to a loss of the anti-
infective properties of APOL1, he had normal kidney
disease (confirmed again many years later), demon-
strating that APOL1 is not required for normal kidney
function or kidney development [9].

Furthermore, APOL1 is a relatively new and rapidly
changing gene [10]. Most organisms lack an APOL1 gene.

APOLI-Associated Kidney Disease

Table 1. Unusual features of APOL1-associated kidney disease

Common variants with large effect size

Both recessive and gain of function

Wide spectrum of associated phenotypes

Unique genetic testing issues

No clear role for APOL1 in normal kidney physiology

This includes most mammals, including our favorite
mammalian models the rat and the mouse. Chimpanzees,
our closest relative, lack a functional APOL1 gene. The
absence of APOLI is clearly compatible with the presence
of normal mammalian kidneys. Those primates with no
APOLLI do not have worse kidney function than primates
with an APOLI gene.

Are the G1 and G2 alleles gain-of-function? Many
groups of investigators have expressed APOL1 in var-
ious types of cultured cells. In most (but not all) cases,
expression of the G1 and G2 forms of APOLLI in cultured
cells cause increased cell death [11-18]. In studies using
various cell types, including HEK293 cells, conditionally
immortalized and primary podocytes, and various
methods of APOLI expression, apoptotic, autophagic,
and pyroptotic cell death have been reported, generally
much greater with the G1 and G2 forms of APOLI than
GO [19].

What is the nature of this gain-of-function effect?
Specifically, what are the mechanisms by which the G1
and G2 variants alter the function of kidney cells?
APOLL1 has an N-terminal pore-forming domain and a
BH3- only domain, which in theory may be capable of
driving increased cytotoxicity, but cell death has not
been shown to be caused by these functional elements. It
is widely thought that the podocyte is the main target of
APOLL1 toxicity, given the strong association between
podocyte alterations and FSGS. However, the wide
spectrum of APOLI1 kidney disease presentation sug-
gests that other cell types may also be primary targets of
APOLI1 toxicity. A variety of models of APOLI-
mediated cell toxicity have been proposed.

We should not assume that one and only one pathway
drives APOL1-associated toxicity. The presence of Gl
and G2 variants may alter the biology of APOLI in
multiple ways. Human APOL1 has no essential role in
kidney function that has been identified, and it is
therefore not easy to point to one particular activity in the
kidney that might be gained or lost in the presence of
genetic variation.

The APOL1 protein can function as a cell membrane
pH-gated pore or channel. This was first observed in
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the context of trypanosomes, in which human APOLL1
can form membrane pores [20, 21]. APOL1 was re-
ported to form anion channels in lysosomal mem-
branes, leading to membrane depolarization and
osmotic swelling, and ultimately trypanosome death
[21, 22]. Studies of APOL1-induced membrane per-
meability to anions and cations have been somewhat
inconsistent, though more recent evidence favors the
primacy of cation flux, especially at neutral pH values.
Thomson and Finkelstein showed that recombinant
APOLLI protein produces solely cation conductances in
lipid bilayers. Induction of this activity through
membrane insertion was found to require acid pH, and
was subsequently enhanced by raising the pH to
7.1 [23].

The ability of APOLI to form channels in try-
panosome membranes suggested that APOL1 may also
form channels in human cells. Expression of either G1
or G2 forms of APOL1 in HEK293 cells was observed to
cause cell swelling and cell death, much more than with
GO-expressing cells, which was still more than seen in
control cells. This cytotoxicity was preceded by G1 or
G2 APOLI1-induced net efflux of intracellular potas-
sium [13]. Studies by Bruno and Edwards showed that
APOLI can confer pH-sensitive chloride permeability
to phospholipoid membranes. At higher pH, potassium
permeability is activated [24]. Giovanazzo et al. [25]
demonstrated a population of active cation channels at
the plasma membrane of human cells expressing the G1
or G2 APOLI variants. Additional studies have shown
that a transmembrane region close to the APOL1 C
terminus functions as the pore-lining segment of the
channel [26]. Localization of APOLI at both the plasma
membrane and the endoplasmic reticulum (ER) of
podocytes has been convincingly demonstrated [27].
Studies of APOL1 membrane topology in the plasma
membrane suggest that the N- and C-termini are ex-
tracellular or intraluminal (in intracellular organelles)
[28, 29]. Other studies have suggested that the orien-
tation of APOL1 in cell membranes may be variable,
perhaps depending in part on the specific splice
variant [30].

In trypanosomes, APOL1 has been shown to induce
mitochondrial membrane permeabilization, suggesting
that similar effects may be present in human cells [22].
Using HEK293 cells, Ma et al. [31] found that G1 and G2
expression led to impaired mitochondrial function and a
large reduction in respiration, and mitochondrial
membrane potential. Shah et al. [32] found that the
APOL1 GO and risk variant proteins shared the same
import pathway into the mitochondria, but once inside,
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risk variant APOL1 was prone to forming higher-order
oligomers and lead to opening of the mitochondrial
permeability transition pore.

As noted, APOLI1 associates with various cell mem-
branes, including the podocyte ER [18, 30, 33]. Some
studies have found an increase in ER stress in cells
expressing APOLLI risk variants. Wen et al. found that
podocytes expressing G1 or G2 APOL1 demonstrated
biochemical indicators of ER stress as well as impaired
processing of the slit diaphragm proteins podocin and
nephrin. ER stress inhibitors reduced these effects [34].
Similarly, inhibition of ER stress was found to rescue
APOLI1-mediated toxicity in a drosophila model of
APOL1-associated disease [35]. APOL1 may adopt both
C-terminal in and C-terminal out conformations in the
ER membrane [30].

APOL1 encodes a protein associated with circu-
lating lipids. A functionally important interaction
with intracellular lipids thus seems quite plausible. A
recent study reported that APOL1 G1 expression in a
bacterial artificial chromosome (BAC) transgenic
mouse model results in increased triglyceride and
cholesterol ester in kidney cortex [36]. The presence
of an APOLI risk variant appeared to increase the
susceptibility of mice to lipid-dependent podocyte
injury. Another study in these mice found that the
presence of APOL1-G1 and APOL1-G2 risk variants
in mice impaired reverse cholesterol transport
through decreased expression of cholesterol efflux
transporters in macrophages and postulated a role for
these cells in driving kidney inflammation [37]. While
a large fraction of risk variant APOL1 (G1 and G2)
localizes to the ER, a significant proportion of wild-
type APOL1 (GO) was found to localize to lipid
droplets (LD) in one recent study [38]. Treatment of
cells that promote LD formation with oleic acid
shifted the localization of G1 and G2 from the ER to
LDs, with accompanying reduction of autophagic flux
and cytotoxicity.

Uzereau et al. reported that both truncation of the
C-terminal helix of APOL1 and deletion of APOL3 in-
duce reorganization of podocyte actomyosin activity.
APOL3 was also reported to stimulate PI(4)P synthesis by
PI4KB. The G1 and G2 forms of APOL1 were found to
exhibit increased binding to APOL3, leading to a model
whereby these variants inhibit APOL3 stimulation of
PI4KB, with downstream consequences for cytoskeletal
function [39]. This is consistent with the observation that
kidney disease risk in humans associates with a null
mutation in APOL3, independent of APOLI1
genotype [40].
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APOLI Is a New Gene

Most human disease genes are shared across mam-
malian species. For example, the podocyte disease genes
NPHS1, NPHS2, INF2, and ACTN4 all have very close
homologs among mammals. APOL1 is different. APOL1
is one of the six APOL genes on human chromosome 22
that arose from a series of gene duplication events [41, 42].
APOLLI appeared late — as APOLL1 is found only in pri-
mates, it likely arose less than 50 million years ago.
Humans have six APOL genes. APOLL is the best studied
of these, and the only family member with a secreted as
well as intracellular form [41, 43]. Some species (mice, for
example) have more APOL genes than do humans. The
human APOL1 and APOL3 proteins interact physically
[39, 40]. Multiple members of the human ApoLl protein
family function as ion channels, albeit with somewhat
different properties [44]. The genetic and functional in-
teractions of these other APOLs with APOL1 have not
been fully assessed.

An N-terminal signal peptide, present on some splice
variants, allows for APOLI1 export from the cell [10]. In
contrast to APOL2 through 6, APOL1 circulates at high
levels in blood, in association with HDL [45]. APOL1 is
expressed widely. The circulating APOLI is made chiefly
by the liver [46]. Most of the APOL1 splice variants do
not encode signal peptides. It is generally thought that it is
the intracellularly expressed APOL1 that is responsible
for mediating disease [19].

The G1 and G2 alleles are found only in people with
recent (i.e., <10,000 years) west sub-Saharan African
ancestry [1]. These risk variants show increased activity
against certain African trypanosomes, suggesting that
they provided a survival advantage compared with the GO
forms. In fact, examination of populations of modern GO,
GI1, and G2 haplotypes suggests that positive natural
selection has been acting on the Gl and G2 alleles
[47, 48].

The APOLLI high-risk variants are both common and
powerful. This is unusual. People with heterozygosity for
G1 or G2 exhibit enhanced activity against trypanosome
infection, which is presumed to account for the fairly
quick rise in the frequency of these variants over the past
5,000-10,000 years [1, 49]. Presumably, this led to a
survival advantage in regions of Africa where the path-
ogenic trypanosomes are common.

This is reminiscent of sickle cell disease, another
ancestry-associated human disorder, where homozy-
gosity for a specific hemoglobin (HBB) mutation leads to
sickle cell disease, but heterozygosity provides some
protection against malaria [50]. In the case of sickle cell
disease, there is evidence for balancing selection, such

APOLI-Associated Kidney Disease

that equilibrium was reached a few thousand years after
the mutation originated [51]. The APOL1 GI and G2
variants are thought to have arisen ~5,000-10,000 years
ago, but in the case of APOLLI, it is not known if equi-
librium has been reached and selection is now balanced
[52]. In most part of the world, APOLI variants are more
common than the sickle mutation in HBB. However,
sickle cell disease is essentially Mendelian, with a much
higher penetrance than seen for APOL1-associated kid-
ney disease. In the case of individuals with two variant
APOLI1 risk alleles, most will never develop ESRD or
overt kidney disease.

Common, Large Effect

The vast majority of common genetic variants that
affect risk of common human disease phenotypes are in
noncoding DNA sequence. Each of these has, individ-
ually, a very small effect on overall risk [53]. This holds
for common phenotypes of interest to nephrologists,
such as diabetic nephropathy and hypertension [54, 55].
(We note that there are also very rare Mendelian forms
of hypertension and diabetes.) Large-effect gene variants
are typically rare, because of natural selection. As a
general rule, highly penetrant disease variants that affect
the risk of a serious disease (as in Mendelian diseases) do
not reach high frequency. By contrast, APOL1 has a very
large effect on disease risk and is common, particularly
in people of recent African ancestry. In the case of
APOLL, there are both positive and negative selective
pressures.

In Africa, where these risk variants originated, these
alleles are present with very high frequency in West
Africa, in contrast lower frequencies in east and
southern Africa [52]. Some groups in parts of West
Africa have combined risk variant allele frequencies
exceeding 50% [56]. Despite the high frequency, effect
sizes are large in studies in groups with significant recent
African ancestry. The effect size is particularly strong in
HIVAN. Before effective HIV therapy became wide-
spread, approximately 50% of people with high-risk
APOL1 genotypes and HIV infection developed
HIVAN. It is noteworthy that in eastern African
countries like Ethiopia, the G1 and G2 frequencies are
much rarer than in West Africa and HIVAN rates have
historically been very low [57].

Although the APOL1-associated effect sizes are large,
most people with high-risk APOL1 genotypes do not
develop overt kidney disease. Thus, other factors besides
APOL1 genotype must be necessary for disease to develop
(modifiers or “second hits”). These may include genetic
and nongenetic factors (Table 2). The best-defined
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Table 2. Modifiers (“second hits”) that may be involved in the development of overt kidney disease in people with high-risk APOL1

genotypes

Category Factor Notes Reference(s)

Genetic APOL1 Rare APOL1 duplications may modify the high-risk-associated phenotype. APOL1 [58, 59]
risk-variant toxicity is affected by APOL1 haplotype

Genetic APOL3 Deletion mutations in APOL3 increase risk of nephropathy. APOL1 and APOL3 [40]
interact physically

Genetic UBD APOL1 and UBD are coregulated in the glomerulus. UBD genotypes associated with [60, 61]
lower UBD expression may correlate with the risk of APOL1-nephropathy

Genetic GSTM1 Individuals APOL1-nephropathy and null GSTM1 alleles have increased rate kidney [62]

disease progression

Pharmacologic Therapeutic

FSGS and collapsing nephropathy have been seen almost exclusively in people with [63, 64]

IFN high-risk APOL1 genotypes
Infectious HIV HIVAN is extremely rare in people without high-risk APOL1 genotypes [65, 66]
Infectious COVID-19 COVAN has been reported almost exclusively in people with high-risk APOL1 [67]
genotypes
Inflammatory  Lupus Greater risk of ESKD and collapsing lupus nephritis (68, 69]
modifier of disease is a high interferon state, listof APOLI-associated diseases [5]. The vast majority of

discussed below.

Many Phenotypes, Immune and Nonmmune

High-risk APOL1 genotypes associate with a large
spectrum of different kidney disease phenotypes. Two
risk variants confer an odds ratio of approximately 7-10
for hypertension-associated ESKD, approximately 17 for
FSGS, and approximately 29-89 for HIV nephropathy
(65, 70]. It is striking that the G1 and G2 alleles are strong
risk factors for what are thought to be a largely vascular
disease (hypertension-attributed ESKD) which is neither
infectious nor immune mediated, and diseases of the
podocyte with clear infectious etiologies such as HIV-
associated nephropathy. It thus seems that these different
disease presentations are driven by similar mechanisms.
Thus, for many purposes, it is better to think of these
entities as different manifestations of APOL1-associated
nephropathy spectrum than as separate diseases. APOL1
risk genotypes are associated with higher rates of ESKD in
individuals with lupus nephritis [71]. Collapsing glo-
merulopathy can also be driven by therapeutic interferon
administration. This effect is found almost exclusively in
high-risk APOLI individuals [63, 64].

COVID-19-associated ~ collapsing  glomerulopathy
(recently named COVAN) is the newest addition to the
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cases of COVAN have been reported in individuals with
two APOLLI risk alleles. At least one case has been ob-
served in a heterozygous individual. Interestingly, one
case of COVAN has been observed in the engrafted
kidney of a transplant patient, where the kidney came
from a donor who carried a low-risk APOLI
genotype [67].

Interferons markedly upregulate the expression of
APOL1 RNA [11, 63]. APOL1 also responds to lipo-
polysaccharide, toll-like receptor agonists, tumor necrosis
factor, and other cytokines [63, 72]. One likely model of
disease pathogenesis is that both the high-risk APOL1
genotype and high APOL1 expression act together to
cause overt disease. Associations between virus infection
and APOLIl-associated kidney disease also support the
notion that viruses can activate APOL1 expression,
leading to kidney injury [73, 74].

The effect of APOL1 risk genotype varies by age. For
young people, when rates of nephropathy are typically
low, the odds ratios conferred by APOL1 variants are very
large, as is observed with FSGS. In later adulthood,
APOLL1 genotype confers a much lower odds ratio for
incident kidneys, in part because the baseline disease rate
is higher at older age, and because a substantial fraction of
high-risk genotype people has already developed kidney
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disease. For example, in the Atherosclerosis Risk in
Communities (ARIC) study that included participants
between ages 45 and 64 years without baseline CKD,
APOLI1 risk genotypes confer an odds ratio for incident
CKD of approximately 1.5 [75, 76]. Much higher odds
ratios for APOLI tend to be observed with younger
populations and in studies with concrete end points (e.g.,
biopsy-proven FSGS or ESKD). While the risk of ESKD
associated with high-risk genotypes was initially reported
in African Americans, these genotypes are also highly
associated with kidney disease in Africans, Caribbean
Islanders, and South Americans with significant recent
African ancestry [56, 57, 77, 78].

While APOLI genotype is associated with a wide
range of kidney phenotypes, it is interesting and perhaps
surprising that it does not associate with incipient
kidney disease in diabetics [79]. However, APOLLI risk
genotypes do associate with faster rates of CKD pro-
gression, whether caused by diabetic nephropathy or
some other etiology [80]. Similarly, APOL1 genotype is
not associated with the risk of IgA nephropathy [81].
These observations suggest that not all kidney-
modifying factors serve as “second hits” in the devel-
opment of APOLI1-assicated kidney disease.

The role of APOL1 in mediating the risk of nonrenal
phenotypes is less clear. Risk of preeclampsia (which is
arguably a kidney disease) has been studied as a function
of APOLI. Mothers carrying fetuses with high-risk
APOLI1 genotype were found to have a higher risk of
preeclampsia than those with low-risk genotype fetuses
[82]. APOL1 high-risk genotype has been reported to
associate with various cardiovascular phenotypes, in-
cluding atherosclerotic disease, elevated blood pressure,
coronary artery disease, and cerebral vascular disease
[83-86]. The relatively weak and inconsistent associa-
tions that have been reported may be mediated by the
effect of APOLL1 on increasing the incidence of subclinical
kidney disease, rather than the cardiovascular system per se.

Implications for Modeling Disease

The development of animal models of APOLI1-
associated kidney disease is not as straightforward as
for many inherited human diseases. Typically, the high
homology between most human and mouse genes al-
lows human point mutations to be put in the relevant
mouse gene. This is not possible for APOLI, as mice
lack an APOL1 homology. This issue is present for the
other commonly used model organisms as well. In-
vestigators have therefore used a variety of creative
strategies in different organisms to model aspects of
disease.

APOLI-Associated Kidney Disease

Drosophila lack a mammalian kidney-like excretory
organ, but cells known as nephrocytes that are found
around the heart and esophagus have podocyte-like
properties and lead to sequestration rather than excre-
tion of filtrate [87]. Two independent studies reported
experimental expression of APOL1 in drosophila neph-
rocytes, reporting that expression of risk variant forms of
APOLL1 lead to hypertrophy of these cells, together with
an increased rate of cell death [15, 16].

Recent studies in a similar model found that expres-
sion of risk variant APOLI elevates the endocytic
function of garland cell nephrocytes together with signs of
cell death. GO APOL1 had a milder effect. Endoplasmic
reticulum (ER) swelling and induction of chaperones
suggested an ER stress response. Inhibition of ER stress
decreased this APOLI-mediated cell death of the
nephrocytes [35].

Bruggeman et al. [88] developed a transgenic mouse
model where a nephrin promoter was used to drive
podocyte-specific expression of the GO or G2 form of
APOLL. G2 transgenic mice lacked an overt phenotype
early in life but had a lower podocyte density at old age.
Studies crossing these mice with the well-established
Tg26 model of HIV-associated nephropathy suggested
that the GO form of APOL1 may provide some protection
to podocytes in this setting that is absent from the G2
mice, raising the possibility of loss of some kidney
protective activity in G2 [89].

Ryu et al. [37] reported the development of transgenic
mice that carry a BAC containing the entire human
APOLL1 genomic region. At 6 months of age, these mice
(APOL1 GO and G1) did not demonstrate an overt
kidney phenotype. Administration of interferon gamma
(IFN-y) induced proteinuria only in the G1 mice, but not
GO mice.

Beckerman et al. [90] showed that mice with podocyte-
specific expression of a GO or G2 APOL1 c¢DNA, but not
GO, developed albuminuria and FSGS-like histology.
Disease severity is correlated with the level of expression
of the risk allele. Expression of the risk-variant APOL1
was found to interfere with endosomal trafficking.

Our group recently developed co-isogenic BAC
transgenic mice harboring either GO, G1, or G2 forms of
human APOL1 [91]. Expression of IFN-y resulted in
upregulation of APOLLI protein in the kidneys and robust
induction of proteinuria and glomerulosclerosis in G1/G1
and G2/G2 but not GO/G0 mice. Disease was greater in
G2/G2 mice. In these studies, neither heterozygous (G1/
GO or G2/GO) risk variant mice nor hemizygous (G1/-,
G2/-) mice had significant kidney injury in response to
IFN-y, suggesting that the lack of significant disease in
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humans heterozygous for G1 or G2 is not due to GO
rescue of G1 or G2 toxicity, in contradiction to a common
hypothesis. Studies using additional mice with multiple
copies of G2 supported the notion that disease is directly
related to the level of risk variant APOL1 expression. The
observation that these mice that are genetically identical
with the exception of differences in the GO- versus G1-
versus G2-defining variants should lay to rest any lin-
gering doubts about the strong causal relationship be-
tween APOL1 genotype and kidney disease (Fig. 2).

Issues of Race and Ancestry

APOL1 risk genotypes, and APOLIl-associated ne-
phropathy, are highly associated with both self-reported
Black race and sub-Saharan African ancestry. The as-
sociation of APOL1 variants with racial identification
simply reflects the fact that people who identify as Black
are overwhelmingly of recent African ancestry. APOL1
should not be thought of as “the Black (or African
American) kidney disease gene.” Most Black individuals
in the USA do not have a high-risk APOL1 genotype.
APOLI1 is not the only cause of kidney disease in people of
recent African ancestry. Discrimination against minority
groups and the persistent disparities in social determi-
nants of health are major contributors to the racial
disparity in kidney disease and kidney disease treatment
outcomes [92, 93]. The race-based disparities in kidney
health and the ancestry-based effects of APOL1 genotype
undoubtedly synergize to the detriment of many
individuals.

The fact that most APOLL1 studies to date have been
conducted in Black patients has been criticized [94].
However, this simply reflects the fact that these APOL1
variants are so much more common in people who
identify as Black than in other groups without known
west African ancestry. According to the Gnomad da-
tabase of genetic variants (at the time of this writing), the
allele frequencies of G1 and G2 among African Americans
are 0.1402 (G1, S342G variant) and 0.2276 (G2) [95]. By
contrast, allele frequencies are 0.006772 (G1) and 0.0057
(G2) among people listed as Latino/Admixed, and less
than 0.0001 in populations listed as European, Asian, and
Ashkenazi. Among subsets of people in these populations
with phenotypes known to associate with APOL1 (like
FSGS), the frequency is higher, reflecting the relative risk

associated with APOLI1 [96]. Clinical studies aiming to
efficiently recruit appropriate subjects naturally focus on
Black, African, and African-American populations, as
well as other specific populations known to have sig-
nificant recent west African ancestry. It may prove to be
the case that other variants related to ancestry may affect
the severity of APOL1-associated kidney disease, but the
individual effects of these variants, if they exist, are small
[97]. G1 and G2 behave differently from GO in a variety of
model systems that allow APOLI genotypes to be isolated
as the only variable [98].

Unique Genetic Testing Issues

Is there any reason to genotype people for APOLI
variants? Most people with high-risk genotypes do not
develop overt kidney disease. And people with high-risk
genotypes can of course develop other forms of kidney
disease (e.g, ANCA-mediated glomerulonephritis,
polycystic kidney disease).

We believe that there are strong arguments for more
routine testing for these risk alleles in people presenting
with kidney disease. While the presence of a high-risk
APOLI genotype does not rule out the possibility of some
other major disease driver (e.g., interstitial nephritis,
vasculitis, drug toxicity), the absence of a high-risk ge-
notype in someone with no other identifiable risk factors
may make clinicians more likely to pursue an aggressive
diagnostic workup. While there are no known therapies
specific for APOL1-associated kidney disease, such ther-
apies are under development [99, 100] (APOLL trial paper,
this issue of this journal). If proven effective specifically for
APOLI-associated disease, APOL1 testing will be needed
as a standard part of a kidney disease evaluation.

Testing in people without any evidence of kidney
disease is trickier [101]. As noted elsewhere, the majority
of people with high-risk APOL1 genotypes (~80%) do not
develop kidney disease. An argument for testing is that it
may make people with high-risk genotypes more vigilant
about their overall health [102]. Routine screening testing
for proteinuria is currently not recommended in current
primary care practice guidelines [103]. However, if
treatments for APOLl-associated and non-APOLI-
associated kidney diseases continue to improve, there will
be an increased value in early diagnosis, and this rec-
ommendation may need reassessment [104].

Fig. 2. Changing otherwise genetically identical APOL1 BAC transgenic mice from GO to G1 or G2 transgenes
confers susceptibility to IFN-y-induced injury. a IFN-y induces glomerular expression of human APOLLI in
transgenic mice. b IFN-y induces marked glomerular injury in APOL1 G1 and G2 transgenic mice but not in GO
transgenic mice nor FVB strain control mice. Adapted from [91], licensed under a Creative Commons At-
tribution 4.0 International License: https://creativecommons.org/licenses/by/4.0/.
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The strongest case for APOL1 testing in asymp-
tomatic people is in the kidney transplant setting [105].
Kidneys from APOL1 high-risk donors fare worse than
those with low-risk genotypes [106, 107], but still seem
preferable to dialysis in ESKD patients. A bigger
concern is the risk to living kidney donors. It has been
argued that people with high-risk APOL1 genotypes
may be at increased risk of kidney disease and kidney
failure after donation. Limited data support this notion,
though the effect size is likely not large [108]. The
donor risk is surely greater in younger individuals, who
have not yet proven themselves to be resistant to
kidney disease, in contrast to older individuals with
APOLI high-risk kidney disease without evidence of
kidney disease. Unlike Mendelian kidney diseases such
as polycystic kidney disease where related prospective
donors are routinely tested for the presence of recip-
ient’s genetic lesion, the best approach is less clear with
APOLL. The ongoing APOLLO trial may help clarify
some of these issues [109].

Therapeutics

The atypical features of APOL1 and its variants have
therapeutic implications. Because APOL1 is a dispens-
able gene, at least in parts of the globe where African
trypanosomes are not present, it can presumably be
inactivated without major deleterious consequences.
The activity of many genes and gene products often must
be finely regulated - both too much activity and not
enough activity can be harmful, making therapeutic
manipulation tricky. In the case of APOLI-associated
kidney disease, we want to inactivate the toxic gain-of-
function activity of the variant APOLL. It may not be
necessary to coax G1 and G2 APOL1 to behave like GO.
Simply inactivating all APOL1 may be effective. This is
the strategy being pursued by some pharmaceutical
companies [99] (Vertex trial paper - this issue).
Treatment of APOLl G1 mice an antisense oligonu-
cleotide targeting APOL1 mRNA, prior to IFN- vy
challenge, inhibited kidney APOL1 expression and
protected against IFN-y-induced proteinuria [99].
Similarly, Yang et al. [100] administered antisense oli-
gonucleotide targeting APOL1 to podocyte-specific G2
transgenic mice. They reported reduction of APOLI1
levels in the kidney and protection from albuminuria
and kidney failure.
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It is certainly possible that APOL1 has cellular func-
tions that have not been identified, and that the G1 and/or
G2 variants may exhibit loss of such functions, in addition
to the gain-of-function effects discussed earlier. Thus,
individuals treated with an APOL1 inactivation therapy
will need careful monitoring for unexpected adverse ef-
fects. Nevertheless, we believe that such effects are likely
to be minor, given the points about gene dispensability
raised earlier.

Conclusion

APOQOLI-associated kidney disease is among the most
common contributors to rates of chronic kidney disease
worldwide. Because APOL1 genotype seems to require
other factors to lead to overt kidney disease, it is hard to
attribute any individual’s kidney disease to APOLI1
alone. This should not stop us from recognizing
APOL1-associated kidney disease as a specific entity
that requires unique approaches to treatment and
management. These approaches may include preven-
tive measures to modify nongenetic contributors to
risk of APOLIl-associated nephropathy, as well as
therapeutic approaches specifically targeting the
APOLI pathway.
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