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Two heterozygous missense variants (G1 and G2) of Apolipoprotein L1 (APOL1) found in
individuals of recent African ancestry can attenuate the severity of infection by some forms

of Trypanosoma brucei. However, these two variants within a broader African haplotype also
increase the risk of kidney disease in Americans of African descent. Although overexpression of
either variant G1 or G2 causes multiple pathogenic changes in cultured cells and transgenic mouse
models, the mechanism(s) promoting kidney disease remain unclear.

Human serum APOL1 kills trypanosomes through its cation channel activity, and cation channel
activity of recombinant APOL1 has been reconstituted in lipid bilayers and proteoliposomes.
Although APOL1 overexpression increases whole cell cation currents in HEK-293 cells, the ion
channel activity of APOL1 has not been assessed in glomerular podocytes, the major site of
APOL1-associated kidney diseases.

We characterize APOL 1-associated whole cell and on-cell cation currents in HEK-293 T-Rex
cells and demonstrate partial inhibition of currents by anti-APOL antibodies. We detect in
primary human podocytes a similar cation current inducible by interferon-ry (IFN+y) and sensitive
to inhibition by anti-APOL antibody as well as by a fragment of 7. Brucei Serum Resistance-
Associated protein (SRA). CRISPR knockout of APOL1 in human primary podocytes abrogates
the IFN-y-induced, antibodysensitive current.

Our novel characterization in HEK-293 cells of heterologous APOL 1-associated cation
conductance inhibited by anti-APOL antibody and our documentation in primary human
glomerular podocytes of endogenous IFN-y-stimulated, APOL1-mediated, SRA and anti-APOL-
sensitive ion channel activity together support APOL1-mediated channel activity as a therapeutic
target for treatment of APOL1-associated Kidney diseases.

Keywords

Focal Segmental Glomerulosclerosis; interferon-y; serum resistance-associated; patch clamp;
antibody

Introduction

Americans of West African descent face a risk of kidney disease 4-to-5-fold higher than
experienced by those of European origin. Most of this increased risk has been traced to
two missense variants of the human- and great ape-specific innate immune gene product,
Apolipoprotein L1 (APOL1) [17,47]. The kidney disease risk variants, known as G1 and
G2, are found only as part of an APOL 1 haplotype present in many African populations
[26]. Heterozygosity for either G1 or G2 variants confers partial resistance to African
sleeping sickness, trypanosomiasis mediated by the tsetse fly salivary gland parasites
Trypanosoma brucei gambiense, T. brucei brucei and, more controversially, 7. brucei
rhodesiense. Evolutionary selection for this resistance to an endemic disease has led to
expansion of the APOL1 G1 and G2 variants to high allele frequency among African
populations [35]. APOL1 risk variant allele frequencies exceed 50-60% in areas of West
Africa [46], with allele frequencies among African-Americans of ~23% (G1) and ~14%
(G2). However, homozygosity or compound heterozygosity for the G1 and G2 variants of
APOL 1 predisposes carriers to increased risk of acute and/or chronic kidney disease [17].
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Among carriers of two APOL 1 risk alleles, ~13-15% will develop end-stage renal disease
during their lifetimes [16]. These individuals experience increased risks of 7-10 fold for
hypertension-associated kidney disease, 17-fold for focal segmental glomerular sclerosis
(FSGS, OMIM phenotype 612551), ~30-90-fold for Human Immunodeficiency Virus
(HIV)-nephropathy and elevated risks of lupus nephropathy, membranous nephropathy,
pre-eclampsia, transplant nephropathy and sickle nephropathy [16,56]. Multiple mechanisms
have been proposed to explain how APOLL risk variants predispose to this wide range

of kidney diseases [16,4,15,25], including endoplasmic reticulum stress, cytoskeletal
perturbations, lipotoxicity, altered metabolic state, mitochondrial damage, cGAS-STING
pathway activation, and plasmalemmal ion channel gain-of-function. Most of these studies
derive from experiments with immortalized epithelial cell lines.

The ion channel gain-of-function phenotype has been studied in several systems of
heterologous expression and reconstitution [32]. APOL1-associated cation channel activity
has been demonstrated in Xenopus laevis oocytes [21] and in HEK-293 cells [33,30].
APOL1 expression-associated increased permeability to Ca2* has been documented

in Xenopus oocytes [21], planar lipid bilayer, HEK-293 cells and HeLa cells [18].
Recombinant APOLL1 proteins have been shown to be both necessary and sufficient to
mediate cation currents across planar lipid bilayers [45,18,41,40,28]. APOL1-mediated
cation permeability has been revealed by reconstitution of similarly purified APOL1 into
proteoliposomes, using ionophore-regulated quenching of ion-selective fluorescent dyes
[6,7]. APOL1 has also been shown to induce permeabilization of both lysosomal and
mitochondrial membranes in trypanosomes [49]. However, ion channel activity of APOL1
has not yet been reported in glomerular podocytes, the cell type in which APOL1 risk
variant-induced toxicity is believed to cause acute FSGS and to contribute to multiple
forms of chronic kidney disease. Detection of APOL1-mediated channel activity in intact
cells has been complicated by variable background channel activity, by APOL1 expression-
associated cytotoxicity [30] and by the lack of a small molecule pharmacological signature
characteristic of APOL1-mediated channel activity.

The above cell biological and biochemical studies have been complemented by investigation
of transgenic [3] [5]) and BAC/fosmid mouse models of APOL1 kidney disease [31,1,27].

In these models, high interferon states of the types associated with viral infection have

been shown to contribute to APOL1 risk variant-associated glomerular pathology resembling
FSGS [34,29].

Here, we extend the characterization of APOL1-associated cation channel activity in
doxycycline-inducible HEK-293 T-Rex cells, showing that G1-associated whole cell
currents are of higher magnitude than G0-associated currents. We find that two
commercially available (oligospecific) anti-APOLL antibodies inhibit APOL1-associated
whole cell and unitary currents. We then detect and characterize IFN-y-induced APOL1-
associated currents in whole cell and unitary recordings from primary human glomerular
podocytes. We demonstrate preserved sensitivity of these podocyte currents to blockade

by extracellular anti-APOL1 antibody and (for APOL1 G0-mediated currents) to blockade
by extracellulr exposure to trypanosomal Serum-resistance Associated protein (SRA). We
then show loss of these IFNy-induced, SRA-sensitive currents in primary human podocytes
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subjected to CRISPR-Cas9 knockout of endogenous APOL1. We conclude that IFN-y-
stimulated cation currents in primary cultured human glomerular podocytes are mediated
in large part by endogenous APOL1.

Materials and Methods

DNA constructs

Cell lines

Antibodies

APOL1 (OMIM gene locus #603743) variants GO (African Common, or AfCom), G1
(rs73885319, rs60910145) and G2 cDNAs (rs71785313) were as previously described
[10,26,33,42,57]. (See Shah et al.[42] for complete APOL1 cDNA sequences). APOL1
mammalian expression vectors were of naturally occuring haplotypes [26]. APOL1 has
OMIM gene locus #603743). cDNA encoding aa 24-267 of 7. brucei rhodesiense Serum
Resistance-Associated [8] was the gift of Mark Carrington, Univ. of Cambridge.

HEK-293 T-Rex cells were from Thermo-Fisher (Waltham, MA). Coverslips or wells

were coated in 0.1 mg/ml polylysine and air-dried in the hood prior to cell plating.
Attached cells at 50-80% confluency were transfected with 0.5 pg plasmid cDNA and

1 ul each of Lipofectamine P3000 and Lipofectamine reagent (ThermoFisher) per well

in OptiMEM (L.ife Technologies) as per manufacturer’s instructions. Stable, tetracycline-
inducible, transgenic HEK T-Rex-293 cell lines with human APOL1 GO0, G1, or G2
integrated at a defined locus [10,26,33,42,57] were grown in Dulbecco’s modified Eagle’s
medium (DMEM, Corning) supplemented with 10% tetracycline system-approved fetal
bovine serum (Atlanta Biologicals), 0.2 mg/ml zeocin, 2 ug/ml blasticidin and 1% antibiotic-
antimycotic at 37°C and 5% CO,. Cells were induced to overexpress APOL1 by 6-24 h
exposure to 50 ng/ml doxycycline, as indicated. For electrophysiological experiments, cells
were induced 6 h with 50 ng/ml doxycycline, and subjected to electrical recording on the
same day.

Human primary podocytes (Celprogen, Torrance, CA) were grown per supplier’s
recommendations in Celprogen human podocyte primary cell culture complete growth
medium and subcultured every 48 h on Celprogen podocyte cell culture extracellular matrix.
Celprogen podocytes thus maintained have been documented to express podocyte markers
nephrin, podocin, synaptopodin, CD2AP, PAX2 and WT1 through at least passage 6 [50,37]
and (Chun J. and Riella C., pers. comm.). The APOL1 genotype of Celprogen primary
podocytes was confirmed by RT-PCR and DNA sequencing as GO/GO. Podocytes were
induced to express endogenous APOLL1 by exposure to 10 ng/ml IFN-y for 18-24 h.

Cells were validated as free of Mycoplasma contamination.

Rabbit polyclonal anti-APOL1 antibody raised against an N-terminal GST-fusion protein
containing APOL1 residues 1-238 (numbered according to NP_003652, APOL1 transcript
variant 1) was from Proteintech (Rosemont, IL; cat. # 11486—2-AP). Rabbit polyclonal anti-
APOL1 C-terminal region raised against recombinant APOL1 aa 262-387 was from Sigma
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(St. Louis, MO; cat # HPA018885). The Proteintech anti-APOL1 antibody has been more
recently shown to cross-react with human APOL2 and APOL3 as assayed by immunoblot
and immunofluorescence microscopy, whereas the Sigma anti-APOL1 antibody was shown
to cross-react only with human APOL2 in the same detection modalities [39]. Rabbit
monoclonal antibody to human NA,K-ATPase a subunit was from Abcam (cat. # ab76020).
Sheep polyclonal antibody to human nephrin was from R&D Systems (cat. AF4269). Rabbit
polyclonal antibody to human WT1 was from Proteintech (12609-1-AP). Rabbit polyclonal
affinity-isolated antibody to human podocin was from Sigma (P0372). Nonspecific rabbit
IgG was from Bethyl Laboratories (Montgomery, TX) or from Sigma (St. Louis, MO).

Cells washed with ice-cold PBS were lysed in 1% NP-40 lysis buffer (50 mM Tris-HCI

[pH 7.4], 150 mM NaCl, 5 mM EDTA, 1% NP-40 (Boston Bioproducts) supplemented with
complete™, Mini, EDTA-free Protease Inhibitor Cocktail (Sigma) and PhosSTOP (Sigma).
Lysates cleared by 10 min centrifugation at 16,000 x g and 4°C were boiled 5 min in SDS
sample buffer with p-mercaptoethanol and separated by SDS-PAGE (Bio-Rad). Precision
Plus dual color molecular size standards (Bio-Rad) were run in a separate lane. Proteins
transferred to PVDF membranes were blocked in 5% (w/v) skim milk in tris buffered

saline with 0.05% tween for 1 h, then incubated overnight at 4°C with primary antibody
(1:1000). Immunoblots were washed with TBST and incubated with appropriate horseradish
peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnologies, 1:2500 or (for
Fig. 7) 1:4000) visualized by ECL chemiluminescence (SuperSignal™ West Dura or Femto
kit; Life Technologies) and imaged (Proteinsimple FluorChem E or R; Bio-Techne). Band
intensity was quantitated by densitometric analysis using ImageJ (version 1.47).

Confocal Immunofluorescence microscopy

HEK-293 T-Rex cells grown on polylysine (Fig 1C) collagen-coated glass coverslips and
treated without or with 100 ng doxycycline for 6-24 h were washed 3x, fixed 20 min with
4% paraformaldehyde and quenched with 50 mM ammonium chloride, but not detergent-
permeabilized. Fixed, non-permeabilized cells were blocked with 0.2% gelatin in PBS
followed by overnight incubation with primary antibodies to APOL1 (Proteintech mouse
monoclonal, 1:100) and to Na,K-ATPase a subunit (Abcam rabbit monoclonal, 1:500).
Rinsed cells were then incubated 1 hr with Alexa-Fluor 488- or 555-labelled secondary
antibodies (ThermoFisher Scientific). Fixed, stained cells were washed, mounted with
ProLong® Gold antifade reagent with or without DAPI (ThermoFisher Scientific). Confocal
images were acquired by LSM 880 laser scanning microscope (Zeiss) with a 63X oil lens,
NA 1.4, or 20x water lens.

Human primary podocytes (Celprogen, passage 9) plated on collagen-coated coverslips in
24 well plates were treated 18-24 h without or with IFN+y (10 ng/ml). Washed cells were
fixed but not permeabilized as above. Fixed non-permeabilized cells were incubated 2 h
at room temperature with primary anti-APOL1 antibody (Proteintech polyclonal, 1:250)
and anti-Na,K-ATPase a subunit (Abcam monoclonal, 1:250). Rinsed cells were further
incubated 1 h at room temperature with secondary Alexa-555-coupled rabbit anti-mouse
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Ig and with secondary Alexa-488-coupled goat anti-rabbit Ig (both at 1:500). Post-staining
processing was as for T-Rex cells in the preceding paragraph.

SRA polypeptide expression

cDNA encoding the N-terminal fragment of SRA (aa 24-267) was subcloned into the
pGEX-4T1 expression vector. Ligation products were transformed into £ co/i BL21(DE3)
cells (EMD) and DNA sequence integrity confirmed. DNA quantitation was performed by
Nanodrop spectrometer (Thermo-Fisher). Recombinant SRA polypeptide was generated as
previously described [43] with modifications, and aliquots were stored at —80° C in 150
mM NaCl, 5 mM DTT, 10 mM reduced glutathione, and 50 mM Tris HCI, pH 8, until use.
The SRA polypeptide was applied to cultured podocytes at 1.5 pM (or ~6 times ICsq) in
the pipette solution, based on a surface plasmon resonance-determined ICsq of 277 nM for
APOL1 binding to SRA aa 24-267 [58] (see below).

CRISPR knockout of APOL1 in primary human podocytes

An APOL1 sgRNA 5’- GTGCAACAAAACGTTCCAAG-3’ (“guide 4”), was used to
target the 5’-end of APOL1 exon 5 encoding aa 34-39, a region without nucleotide
homology to APOL2 or APOLSG. Preliminary experiments established sgRNA guide

4 as the most effective among the four APOL1 sgRNAs available in the Brunello

SgRNA library (Addgene, see [13]). sgRNA guide 4 was subcloned into pLentiCRISPRv2
(https://media.addgene.org/cms/filer_public/6d/d8/6dd83407-3b07-47db8adb-4fada30bde8a/
zhang-lab-general-cloning-protocol-targetsequencing_1.pdf) (Addgene). HEK-293T cells
were transfected with pLentiCRISPRV2-EV or pLentiCRISPRv2-guide 4, plasmid psPax2
(Addgene), and plasmid pMD2.G (Addgene) in a 10:7.5:3 ratio using Lipofectamine 2000
(ThermoFisher). Supernatants were collected 2 days later and filtered through a 45 pM
filter. 1 mL of virus-containing medium and 1 mL of fresh medium were added to
Celprogen primary human podocytes in culture. On day 3, viral supernatant was again
collected, filtered, and added with fresh medium to the podocytes. On day 4, selection was
imposed with 2 ug/mL puromycin. After achieving confluency, podocytes were passaged
at near-limiting dilution into 96-well plates (estimated 0.5 cells/well) in 50% conditioned
media. Following appearance of clonal/oligoclonal colonies on the 96 well plate, individual
colonies were passaged onto wells of a 24-well plate. The wells of the 24-well plate

were then passaged in parallel onto wells of a 6-well plate for subsequent expansion onto
10 cm dishes and preservation in liquid nitrogen, and onto wells of a 12-well plate for
characterization. Three putative knockout clonal lines from the 12-well plate were treated
24 h without or with interferon (10 ng/mL) and then evaluated for APOL1 expression by
immunoblot and immunofluorescence microscopy.

Mammalian Cell Electrophysiology methods

For conventional whole cell patch clamp experiments, patch pipettes were pulled (Sutter
Flaming-Brown P97 puller, Sutter, Novato, CA) from borosilicate glass capillaries to tip
resistance of 1-3 MQ when filled with pipette solution. Pipette tips were fire-polished by
microforge (Narashige) before use. Cells plated on 5 mm coverslips were placed in a 200
uL open perfusion chamber (Warner Instruments, Hamden, CT) mounted on an inverted
microscope and superfused at 3 ml/min with bath solution containing (in mM): 140 NaCl, 4
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KCI, 1 CaCly, 1 MgCly, 10 Hepes, pH 7.4. Pipette solution was (in mM): 140 KCI, 4 NaCl,
5EGTA, 1 CaCly, 1 MgCly, 1 ATP, 5 Hepes, pH 7.4.

Whole cell patch clamp currents were recorded at room temperature (Axopatch 200B,
Molecular Devices, Sunnyvale, CA) and digitized with a 1550B AD/DA board (Molecular
Devices). Holding potential was —60 mV. For HEK-293 T-Rex cells, command potentials
were stepped from —100 to +80 mV at 20 mV intervals, with pulse durations of 100 ms,
followed by return to holding potential, using the Clampex subroutine of PCLAMP10. The
pulse protocol was repeated every 10 sec until achievement of steady state, usually within
2-3 min. Resulting currents were analyzed with Clampfit. In experiments with antibody
exposure, the pulse protocol was applied during a baseline (control) period, followed by

a stop-flow period in the presence of added 2 pg/ml antibody (Anti-APOL1, Sigma or
Proteintech; nonspecific rabbit IgG, Bethyl) until achievement of new steady-state current,
followed in turn by resumption of flow to wash out antibody.

Whole cell patch clamp currents in human primary podocytes (Celprogen) were recorded
with an Axopatch 200B amplifier using the Clampex subroutine of pClamp11 (Molecular
Devices), applying a 500-ms ramp protocol from +100 to —100 mV, repeated every 10 s
for the duration of the experiment [44]. The bath reference electrode was a silver chloride
wire with a 3 M KCl agar bridge. Data were filtered at 500 Hz, digitized at 10 kHz by
Clampex, and analyzed offline by Clampfit subroutine (pClamp11). Holding potentials in
whole-cell patch clamp experiments were expressed as V/, the pipette potential. The ramp
current measured at —60 mV was chosen to report whole-cell conductance.

On-cell patch clamp currents from human primary podocytes were recorded at room
temperature (Axopatch 200A amplifier, Molecular Devices) with symmetric bath and pipette
solutions containing (in mM) 140 NaCl, 4 KClI, 1 CaCl,, 1 MgCls, and 10 HEPES, pH

7.4. For current-voltage (1-V) relationships in Clampex (Pclampl1), the real-time control
window in gap-free mode recorded current traces of 10-30 s duration at holding potentials
ranging from —100 to +100 mV in 25 mV increments. Bath reference electrode was a silver
chloride wire with a 3 M KCI agar bridge to minimize liquid junction potentials. Data

were filtered at 500 Hz, digitized at 2 kHz by Clampex, and analyzed offline by Clampfit
(Pclamp10). Holding potentials were usually expressed as —Vp, the negative of the pipette
potential.

In experiments testing the effects of anti-APOL antibody and SRA on unitary currents,
antibody or SRA were included in the pipette solution.

Statistical Analysis

Normally distributed data were analyzed by two-way student t-test (for comparison of

two datasets) or by ANOVA with Bonferroni post-hoc test (for comparison of multiple
datasets). Non-normally distributed data were analyzed by Kruskal-Wallis ANOVA or by
Mann-Whitney test. Tests were performed by SigmaPlot 11.0 or 14.0 (Systat, San Jose, CA)
or (for Fig. 1B) by Prism 9.0 (GraphPad, San Diego, CA).
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APOL1 G1l-associated currents in HEK-293 T-Rex cells are of higher magnitude than those
associated with APOL1 GO.

HEK-293 T-Rex cells were engineered to allow inducible overexpression of human APOL1
variants. Cells were studied after 6 or 10 h doxycycline induction to minimize APOL1
expression-associated cytotoxicity [33]. The “African common” (AfCom) haplotype of
APOL1 GO encodes Lys150, whereas the African kidney risk haplotypes of APOL1 G1
(Ser342Gly/lle384Met) and G2 (AAsn388Tyr389) encode Glul150 [26]. The immunoblot

of Fig. 1A shows 6 h doxycycline-induced APOL1 expression in cells transformed with
APOL1 AfCom form GO and with APOL1 renal risk variants G1 and G2. Fig. 1B presents
the ratio of APOL1 band intensity to that of vinculin (as load control) after 10 h induction by
doxycycline, showing comparable polypeptide accumulation of AfCom variant APOL1 GO
and African variants G1 and G2.

To document peripheral cell membrane localization of induced APOL1 polypeptides, we
fixed cells with 4% paraformaldehyde after 10 h doxycycline induction of APOL1, at which
time cytotoxicity remained minimal. Immunostaining was performed without prior detergent
permeabilization of the fixed cells. As shown in Fig. 1C, all cells expressed Na,K-ATPase in
a plasmalemmal pattern. Cells expressing APOL1 GO0, G1, and G2 all showed APOL1 ina
plasmalemmal pattern resembling that of Na,K-ATPase, whereas cells harboring the empty
vector (EV) revealed no APOL1 staining. Fixed APOL1-expressing cells permeabilized
with detergent revealed intracellular localization of all three APOL1 isoforms (not shown)
[42,10,33], in addition to the peripheral membrane localization of Fig. 1C. These data are
consistent with previous reports of detection of plasmalemmal localization of APOLL1 in
conditions of heterologous overexpression [18,39].

APOL1-associated currents in HEK-293 T-Rex cells are inhibited by acid pH, Zn%* and

Gd3+.

The plasmalemmal staining pattern of APOL1 suggested that APOL1-associated current
should be detectable by patch clamp. We recorded whole cell cation currents from cells
induced to express APOL1 GO, G1 or G2. The current-voltage (I-V) curve of Fig. 2A
shows that G1- and G2-associated capacitance-normalized currents were ~2.5-fold larger
in magnitude than those recorded in GO-expressing cells, whereas current magnitude in
EV-transduced cells was much lower.

Consistent with APOL1-associated current properties in Xenopus oocytes [21], in lipid
bilayer [45], in reconstituted proteoliposomes [7], and in previous reports in HEK-293
cells [30,18], whole cell G1-associated currents at pH 7.4 were greatly reduced upon bath
transition to pH 6.0 (Fig. 2B). APOL1 G1-associated whole cell current in HEK-293 T-Rex
cells was also sensitive to inhibition by pM concentrations of Zn2* (Fig. 2C). Consistent
with our previous studies of APOL 1-associated currents and 4°Ca2* influx into Xenopus
oocytes [21], whole cell G1-associated current in T-Rex cells was inhibited by 1 mM Gd3*
(Fig. 2D). Inhibition by 100 uM ruthenium red trended towards significance (not shown).
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APOL1-associated currents in HEK-293 T-Rex cells exhibit preferential cation selectivity.

Although originally reported to be partially anion-selective, more recent reports of currents
mediated by purified E. coli-expressed APOL1 polypeptide reconstituted into lipid bilayer
[45] or reconstituted into proteoliposomes subjected to fluorescence quench measurements
of ion flux [7,6] have concluded that APOL1 shows preferential cation selectivity at neutral
pH. Additional experiments have documented Ca2* permeability of APOL1 [21,18]. The
near-zero reversal potentials of currents recorded in cells expressing APOL1 GO, G1, and G2
(Fig. 2A) were consistent with nonspecific cation selectivity of APOL1-associated current
(with possible contribution of endogenous chloride conductance). Also consistent with a
nonspecific cation current mediated by APOL1 G1 was its abrogation by bath substitution of
NaCl with N-methyl-D-glucamine chloride (not shown).

To further explore cation selectivity of APOL1-associated currents, we conducted dilution
potential experiments with HEK-293 T-Rex cells induced to express APOL1 GO or APOL1
G1. Whole cell currents were recorded first in bath containing 140 mM NaCl, which

was subsequently changed to bath containing 14 mM NaCl osmotically balanced with
impermeant mannitol, after which recording was repeated. As noted in the Fig. 3 I-V
curves, both APOL1 GO (Fig. 3A) and G1 (Fig. 3C) exhibited negative shifts in reversal
potential (Erey,) upon bath transition from 140 mM to 14 mM NaCl. The changes in E;qy,
were =38 mV for APOL1 GO (Fig. 3A,B p=0.02) and —19 mV for APOL1 G1 (Fig.

3C,D p=0.002). These changes in E,g, suggest a cation-to-anion permeability ratio of 4.5
for APOL1 GO-associated currents, and at least 2.1 for APOL1 G1-associated currents, as
estimated by the Goldman-Hodgkin-Katz equation. An independent replica set of dilution
potential experiments with T-Rex cells induced 18-24 h with doxycycline to express APOL1
G1 revealed E,gy, shifts consistent with a cation-to-anion permeability ratio of 3.3. These
data together document that APOL 1-associated whole cell-currents in T-Rex cells exhibit
preferential cation selectivity, consistent with previous reports [36,45,30,6].

APOL1-associated whole cell currents are inhibited by rabbit polyclonal antibody raised
against APOL1 C-terminal aa 263—-387.

The pharmacological signature of APOL1-associated cation currents has been restricted

to inhibitors of low affinity and low specificity [21], complicating identification of APOL1-
associated currents in the setting of numerous other ion channels expressed in cellular
membranes. No small organic molecules, peptides, or antibodies have been reported to
inhibit APOL1-associated conductances. As part of a search for APOL1 inhibitors of
increased selectivity and potency, we tested commercially available anti-APOL1 antibodies
for ability to inhibit APOL1-associated channel activity.

The C-terminal tail of APOLL1 is believed to be extracellular, based on reactivity with
Serum Response Associated (SRA) [58] and on antibody reactivity [39,20] and topological
mutagenesis experiments [40,41]. The I-V curve of Fig. 4A shows that 2-3 min exposure
to Sigma rabbit polyclonal IgG raised against human APOL1 C-terminal aa 263-387 1gG
(2 pg/ml or ~13 nM) substantially inhibited whole cell currents in HEK-293 T-Rex cells
induced to express APOL1 GO, and that inhibition was partially reversible within 3 min
after resumption of bath superfusion in the absence of antibody. APOL1 G0-associated
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currents measured at =100 mV were reduced by 71% in a partially reversible fashion (Fig.
4B), whereas 2 ug/ml non-immune rabbit IgG was without effect (Fig. 4C). Exposure to
the same anti-APOL1 antibody (2 pg/ml) similarly inhibited whole cell currents by 58% in
HEK-293 T-Rex cells induced to express APOL1 G1 (Fig. 4D, Fig. 4E), whereas the same
concentration of non-immune rabbit IgG was again inactive as inhibitor (Fig. 4F).

Interestingly, addition of anti-APOL1 C-terminal domain antibody (2 pug/ml) to 14 mM NaCl
bath in the dilution potential experiments of Fig. 2 further left-shifted GO-associated current
Erev by =21 mV (p<0.05) and further left-shifted G1-associated current E;e, by =23 mV
(p<0.05, data not shown). These data further support the cation channel inhibitory activity of
anti-APOL1 C-terminal antibody.

After completion of the experiments in Fig. 4, the work of Scales et al. [39] revealed that
the Sigma anti-APOL1 C-terminal region antibody exhibits cross-reactivity with APOL2 by
immunofluorescence microscopy and (weakly) by immunablot in Cos cells overexpressing
APOL2. However, the whole cell currents recorded in T-Rex cells doxycycline-induced

to overexpress APOLL1 likely represent APOL1 activity, as immunoreactive APOL1 was
undetected by immunoblot in T-Rex cells expressing empty vector (Fig. 1A).

APOL1-associated whole cell currents are inhibited by rabbit polyclonal antibody raised
against APOL1 N-terminal aa 1-238.

Fig. 5A shows an I-V curve from a representative HEK-293 cell induced to express
APOL1 GO. Whole cell currents recorded in the absence and in the subsequent presence
of Proteintech purified rabbit polyclonal 1gG raised against anti-human APOL1 aa 1-238
(2 pg/ml) revealed substantial inhibition of current by the antibody. The summarized data
in Fig. 5B for capacitance-normalized APOL1 G0-associated currents measured at —100
mV confirm 45% inhibition by 2—3 min exposure to Proteintech antibody with partial
recovery following antibody washout. APOL1 G1-associated whole cell currents were
similarly inhibited by Proteintech antibody to the N-terminal region of APOL1 (Fig. 5C).
The summarized data for APOL G1-associated whole cell currents measured at =100 mV
similarly confirm 53% inhibition in the presence of Proteintech antibody, followed by partial
recovery of currents after 3 min antibody washout (Fig. 5D).

After completion of the experiments of Fig. 5, the work of Scales et al [39] revealed

that the Proteintech anti-APOL1 N-terminal region antibody exhibits cross-reactivity by
immunoblot and by immunofluorescence microscopy with both APOL2 and APOL3
individually overexpressed in Cos cells. However, as noted above, these crossreactivities
of the Proteintech antibody do not change the most likely interpretation of the inhibition
of doxycycline-induced currents in APOL1-overexpressing T-Rex cells in Fig. 5 as
representing inhibition of APOL1-associated currents.

The combined data from HEK-293 T-Rex cells suggest that whole cell currents associated
with induced expression of APOL1 GO or APOL1 G1 can be partially inhibited by antibody
raised against most of the C-terminal third of APOL1 GO or by antibody raised against most
of the N-terminal 60% of APOL1 GO, but not by non-specific rabbit 1gG. Inhibition by
either polyclonal anti-APOL1 antibody was partially reversible upon brief washout.
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APOL1-associated unitary currents in HEK-293 T-Rex cells.

We applied the on-cell patch clamp configuration to record unitary channel activity
associated with induction of APOL1 expression. Fig. 6A shows a representative on-cell
current trace of 2.7 s duration of an APOL1 G1-expressing T-Rex cell after 6 h induction
with doxycycline. This period of G1 patch clamp activity revealed multiple conductance
levels with up to three channels open at any one time, whereas traces recorded from
EV-transduced cells showed minimal activity (not shown). All points histogram analysis
(ClampFit) of a 30 s period encompassing the APOL1 G1 current trace of Fig. 6A revealed
step conductance levels of 2.35 £ 0.27 pA. The Fig. 5B |-V curve reveals a single channel
conductance of 27 pS for a representative G1 cell patch with NPo of 1.47. Mean unitary
conductance recorded in induced G1 cells was 25.8+1.79 pS (n=7). Fig. 6C summarizes the
NPo values measured in on-cell patches of EV cells (0.02+0.003) and G1 cells (1.46+0.22,
p=0.006 vs. EV by two-way t-test).

Primary cultured human glomerular podocytes express interferon-y (IFN y)-induced
currents partially inhibited by anti-APOL1 antibody and abrogated by genetic inactivation

of APOL1.

APOL1-associated kidney diseases, including those with the histologic pattern of focal
segmental glomerular sclerosis (FSGS), are considered diseases of glomerular podocytes.
However APOL1 currents have not previously been characterized in primary cultured human
podocytes. Fig. 7A shows that primary cultured human glomerular podocytes (Celprogen)
upregulate APOL1 GO polypeptide following overnight treatment with 10 ng/ml IFN-y.
Celprogen primary podocytes maintain a differentiated phenotype, as evidenced by sustained
expression of nephrin, podocin and WT1 (Fig. 7B). Overnight exposure to IFNy (10 ng/ml)
also increased by ~4-fold whole cell ramp currents recorded from primary human podocytes
(Fig. 7C; Fig. 7E, p=0.016). IFNy-induced whole cell current was partially inhibited by
treatment with 2 pg/ml anti-APOL1 aa 1-238 (Fig. 7D; Fig. 7E, p=0.008), and inhibition
was not significantly reversed after 3 min washout (Fig. 7E, right panel). Antibody treatment
hyperpolarized whole cell potential by —12.6 + 2.3 mV (n=7), consistent with inhibition

of a current with preferential cation selectivity. The low level of whole cell current in
IFNy-untreated podocytes (Fig.7C) was consistent with low-level expression of APOL1
polypeptide in the absence of IFN-y exposure (Fig. 6A), and was not significantly inhibited
by antibody exposure (Fig. 7E, left, p=0.135). We note that IFN-y treatment of immortalized
human podocytes has also been reported to increase expression of APOL2 and APOL6

[39], both mediators of channel activity in lipid bilayers [41]. Podocyte immunostaining
with a monoclonal antibody to the same N-terminal epitope of APOL1 detected faint,
immunospecific plasmalemmaltype staining signal colocalized with Na,K-ATPase in some
but not all IFNy-stimulated Celprogen podocytes (not shown).

On-cell patch recording from Celprogen human primary GO podocytes treated overnight
with 10 ng/ml IFNvy revealed increased single channel activity (Fig. 8A) characterized by a
unitary conductance of ~28 pS (Fig. 8B) with near-zero mV reversal potential. The identity
of this IFN-y-associated unitary channel of podocytes was tested by comparing clonal, empty
vector-transduced Celprogen podocytes with podocyte clones in which APOL1 had been
genetically inactivated by the CRISPR-Cas9 method. The immunoblot of Fig. 7A reveals
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that IFNy failed to induce accumulation of APOLL1 polypeptide in three clonal knockout
cell lines. As presented in Fig. 8C, IFN-y exposure increased channel NPo in wild-type
podocytes, whereas IFN-y failed to increase current density in two distinct clonal APOL1
knockout cell lines. This result suggests that neither APOL2 nor APOLS6, which along
with APOL1 are induced by IFN+y treatment of immortalized human podocytes [39] and
which both mediate ion channel activity in lipid bilayers [41], contribute significantly to
IFN-y-stimulated current measured by on-cell patch recording in Celprogen primary human
GO0 podocytes. Thus, the IFNy-stimulated current in Celprogen human podocytes is either
APOL1-mediated or requires APOL1 expression for its functional expression in on-cell
patch recordings.

IFNy-stimulated unitary currents of human primary GO podocytes are blocked by anti-
APOL1 antibody and by Serum Resistance-Associated (SRA).

We tested the ability of rabbit polyclonal anti-APOL1 aa 1-238 antibody in the pipette
solution to inhibit single channel currents recorded in on-cell patch configuration on
Celprogen human primary podocytes expressing APOL1 GO. The anti-APOL1 antibody
(2 pg/ml) strongly reduced channel NPo compared to activity recorded in the absence

of antibody from the pipette. In contrast, non-specific rabbit 1gG added to the pipette
solution at the same concentration was not inhibitory (Fig. 9A). We then examined the
ability of recombinant SRA N-terminal domain in the pipette solution to inhibit IFN-y-
stimulated single channel currents of Celprogen human primary GO podocytes. Based on
the APOL1 binding constant of SRA N-terminal domain of 277 nM as measured by
microscale thermophoresis [58], we added a near-saturating concentration of 3 uyM SRA
to the pipette solution. As shown in Fig. 8B, channel NPo of ~2.2 was recorded in on-
cell patch configuration within 10 sec after establishment of a gigohm seal, but channel
NPo in the same patches fell to near zero values within <2 min. SRA-sensitivity has not
been reported as a property of currents mediated by either APOL2 or APOL6. Moreover,
the stable gigaseal on-cell patches achieved in Celprogen podocytes did not correspond
to the membrane bilayer instability promoted by recombinant APOL6 [41]. Thus, these
data reinforce the identity of the IFNy-induced unitary cation channels of human primary
podocytes as either APOL1-mediated or APOL1-dependent. They further document that
SRA applied outside the podocyte can inhibit APOL1-associated single channel currents.

Discussion

The mechanism by which APOL1 risk variants G1 and G2 increase susceptibility to kidney
disease remains unclear. Among the numerous proposed mechanisms is that of increased
cellular cation permeability conferred by expression of APOL1 G1 and G2 [32]. We have
further investigated this property of APOL1, initially in HEK-293 T-Rex cells that inducibly
express APOL1. APOL1 undergoes signal sequence cleavage, ER membrane insertion, and
post-ER trafficking to multiple subcellular destinations, including plasma membrane. Our
studies detected whole cell current density in cells expressing APOL1 G1 and G2 of higher
magnitude than those recorded in cells expressing APOL1 GO (Fig. 1). All three groups of
cells exhibited equivalent total abundance of APOL1 protein, with detectable expression at
the cell periphery. The currents recorded from HEK-293 T-Rex cells overexpressing APOL1
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prior to evident cytotoxicity exhibited preferential selectivity for cations over anions (Figs.
2 and 3). These APOL1 currents were inhibited by acid pH, by pM Zn2*, and by mM
Gd3* (Fig. 2). Elevated whole cell currents associated with overexpression of APOL1 GO
or G1 were partially inhibited by bath application of either of two commercially available,
oligospecific polyclonal antibodies directed against incompletely overlapping portions of
the proteins (Figs. 4 and 5). Single channel recording in HEK-293 T-Rex cells induced to
overexpress APOL1 G1 revealed a dominant unitary conductance of ~26 pS with NPo of
~1.5.

We have also extended electrophysiological studies to primary human glomerular podocytes
expressing endogenous APOL1 GO (Fig. 7). We documented the presence in these podocytes
of IFNy-inducible whole cell cation currents partially inhibited by bath application of anti-
APOL1 antibody (Fig. 7), resembling the currents observed in APOL1-expressing HEK-293
T-Rex cells. The IFNy-induced unitary currents of primary human podocytes were absent

in two oligoclonal podocyte populations (Fig. 8) subjected to CRISPR-Cas9-mediated
genetic inactivation of APOLL1 (Fig. 7) which abrogated APOL1 polypeptide detection by
immunoblot. The unitary currents recorded from IFN-y-stimulated podocytes were nearly
completely blocked by addition to the pipette solution of either anti-APOL1 antibody or of
SRA (Fig. 9).

We conclude from these experiments that IFNy-stimulated cation currents in Celprogen
(APOL1 GO-expressing) primary cultured human podocytes are most likely mediated by
APOLL1, or at least require APOL1 expression.

APOL1 mediates or is an essential part of cation channel activity in intact cells

Although recombinant £. coli-produced APOL1 has long been recognized as sufficient

to promote cation currents in lipid bilayers, its multiple reported cellular localizations

and functions, along with its dosedependent cytotoxicity, have raised questions about the
role(s) of its channel function in intact mammalian cells. The results of our experiments,
most importantly the loss of channel function in APOL1 knockout podocytes, confirm

that increased cation currents in cells expressing heterologous or endogenous APOL1 very
likely are mediated by plasmalemmal APOL1 itself, consistent with the ability of purified
recombinant APOL1 to conduct cations in planar lipid bilayers [45] and in reconstituted
proteoliposomes [7]. Although APOL1 polypeptide suffices to mediate channel activity in
bilayers and proteoliposomes, we cannot state definitively that APOL1 acts alone to generate
this ion conductance in cultured cells or /n vivo. Although APOL1 expression is necessary
for cellular channel activity that can be blocked by oligospecific antibodies and by 7. brucei
SRA, the possibility remains that APOL1 in mammalian cells constitutes a subunit within

a cellular multi-protein complex that includes one or more additional channels, channel
modulators or gating factors. Whether APOL1 acts alone or in complex as a cation channel,
the possible contribution of APOL1 channel activity to ER stress [25], altered lipid droplet
metabolism [10,9], mitochondrial dysfunction [42], cytoskeletal alteration by phosphatidyl-
inositol phosphate dysregulation [48], PKR activation [31], and NLRP3/STING pathway
activation [54] remains uncertain in kidney as well as in extrarenal tissues [53].
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Anti-APOL1 antibodies partially inhibit APOL1-mediated channel activity.

The antibodies used to inhibit APOL1 activity were later shown to be cross-reactive

with overexpressed APOL2 or with APOL2 and APOL3 by immunoblot and/or
immunocytochemistry [39]. We found that these antibodies inhibited current that was
induced by doxycycline-induced overexpression of heterologous APOL1. Moreover, IFNy-
induced currents of Celprogen human primary podocytes that were partially inhibited

by anti-APOL1 antibody were abrogated in Celprogen podocytes subjected to CRISPR-
Cas9 knockout of APOLL1 using two different APOL1-specific guide RNAs. Currents
potentially attributable to INFy-induced APOL2 or APOLG6 [39,41] were not apparent in
the setting of APOL1 knockout. Thus, despite the lack of complete APOL1-specificity of the
commercial antibodies tested in this work, their ability to partially inhibit cation currents in
doxycycline-induced HEK-293 T-Rex cells as well as in IFNy-stimulated Celprogen human
primary podocytes very likely represents inhibition of APOL1-associated channel activity
(or APOL 1-dependent activity of another cation channel).

Functionally inhibitory antibodies to ion channels and solute transporters have traditionally
been difficult to generate [22], but new strategies are expanding the repertoire of transport-
inhibitory antibodies [55]. The structure of the APOL1 transmembrane domain remains
unknown, with antibody accessibility studies and electrophysiological analysis of mutant
polypeptides yielding different topographical models of APOL1’s disposition within the
plasma membrane [20,40]. APOL1 antibodies might inhibit APOL1-mediated channel
activity by direct pore block or by binding to a “distant site” with a negative allosteric
impact on the channel pore. Camelid “synbodies” [12] might be of optimal use in
distinguishing between these possibilities.

The polyclonal antibodies tested in this study to inhibited a fraction of APOL1-associated
whole cell current in HEK-293 T-Rex cells that appeared rapidly reversible upon antibody
washout. Rapid reversibility of antibody-mediated inhibition has been previously, if
infrequently, reported in studies of functional antibodies directed against the M3 muscarinic
receptor [11] and against the TRPV2 cation channel [24]. The component of anti-APOL1
antibody-mediated inhibition of current that appeared reversible may reflect a subset of
immunoglobulins within the polyclonal antibody mixture with accelerated off-rates (perhaps
including components cross-reactive with APOL2 and/or APOL3).

The poorly reversible component of anti-APOL1 antibody-mediated channel inhibition
might represent promotion by antibody binding of APOL1 endocytosis from the plasma
membrane. Preliminary experiments with the modestly specific endocytosis inhibitors
Dyngo-4 and Pitstop [23] have suggested support for this hypothesis, which can be more
specifically addressed by direct monitoring of surface-biotinylatable APOL1 and through
genetic inactivation of individual endocytic pathways. Tests of additional ecto-reactive anti-
APOL1 antibodies [39] for anti-channel activity in HEK-293 T-Rex cells and in podocytes
will also be of great interest.

Anti-APOL1 antibody-mediated inhibition of IFNy-stimulated APOL1-associated current
in Celprogen podocytes (Fig. 7) was less reversible than APOL 1-associated current in
HEK-293 T-Rex cells (Figs. 4 and 5). This difference might relate to increased podocyte
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expression of Fc receptors. Primary mouse express levels of the Fc receptors FcRglIB and
FcRglll which decrease over time in cell culture, whereas dimeric Fc receptor FcRn levels
are high upon plating and remain elevated [2]. Anti-APOL1 antibody bound to APOL1 on
the podocyte surface might thus more likely be clustered and endocytosed than in HEK-293
T-Rex cells. Such endocytosis might contribute to the near-complete inhibition of on-cell
patch current by antibody applied to the cell surface in the patch pipette solution (Fig. 9).

What is the role of APOL1-associated cation channel activity in cytotoxicity?

Increased APOL 1 expression-mediated depletion of intracellular [K*] [33] and elevation
of intracellular [Ca2*] and intracellular [Na*] have been associated with later cytotoxicity
in HEK-293 cells and in HeLa cells [18]. This later cytotoxicity has been associated with
still greater and more abrupt elevations in intracellular [Ca2*] in parallel with APOL1
delivery from ER to the cell surface, followed by later cell rupture and death [18]. APOL1
trafficking to the cell surface and cell death was detectable in only a small proportion

of cells overexpressing APOL1 on the time scale of these experiments, and trafficking of
APOL1 G1 appeared more efficient than that of APOL1 G2.

If APOL1 channel activity is the primary cause of cytotoxicity, then the channel activities
of risk variants G1 and G2 should exceed that of GO. Our results show that HEK-293

T-Rex cells induced to express APOL1 G1 exhibit whole cell currents of magnitude higher
than recorded in cells expressing APOL1 GO at comparable total abundance. These results
contrast with a previous report in which risk variant-associated whole cell currents were
equivalent in magnitude to GO-associated currents [30]. The difference in outcomes may
reflect the recently reported differences in APOL1 incorporation into proteoliposomes

not only as a function of risk variant [6], but also as a function of risk variant- and
ethnicity-associated haplotype [26,52], possibly reflected in the undescribed APOL1 variant
sequences used in the earlier study [30]. Thus, increased current magnitude may account for
risk variant-specific APOL1 cytotoxicity (at least in induced HEK-293 T-Rex cells), perhaps
reflecting increased APOL.1 riskvariant affinity for lipid membranes [6,52], itself possibly
contributing to increased APOLL1 cell surface expression [6].

If cation channel activity is the primary contributor to APOL1 risk variant cytotoxicity, then
inhibition of channel activity should prevent cytotoxicity. Indeed, Cys-substitution mutant
polypeptides that exhibit loss of channel function in lipid bilayer reconstitution experiments
also exhibit loss of trypanolytic efficacy [41]. Tests of the ability of anti-APOL1 antibodies
to attenuate APOL 1-associated cytotoxicity are ongoing, and will benefit from use of
antibodies of higher specificity [39].

Tests of whether inhibition of APOL1 channel activity suffices to prevent cytotoxicity will
best exploit engineered mutations that reduce or abolish channel activity without reducing
apparent polypeptide expression or membrane incorporation [40,41]. Schaub et al. have
proposed that channel activation requires APOL1 oligomerization via intermolecular coiled-
coil formation [40] which, in turn, requires destabilization of the native intramolecular
hairpin consisting of the TM4 pore-lining residues and the C-terminal coiled-coil domain

of monomeric APOL1 [43]. The lower apparent stability of the monomeric intramolecular
coiled-coil of APOL1 renal risk variants G1 and G2 than that of GO [43] could explain
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at least part of the increased cytotoxicity of risk variant polypeptides relative to GO.

Indeed, multiple simultaneous Leu-to-Ala substitutions that disrupt intermolecular coiled-
coil formation and oligomerization were reported to reduce APOL1 GO cytotoxicity in
cultured cells [40]. Ultimately, the role of APOL1 channel activity in disease severity will be
most directly tested by generation of transgenic mice expressing APOL1 renal risk variants
carrying channel-inactivating mutations in the pore-lining [41] or C-terminal coiled-coil
helices [40], and assessing their susceptibility to IFNy-induced proteinuria and CKD [27,3]
or to APOL1-associated extrarenal pathology [53].

Are Celprogen primary human podocytes in culture good models of glomerular podocytes
for the study of APOL1?

Ts-SV40 LgT-immortalized human and mouse podocytes have been instrumental in
advancing our understanding of podocyte biology, despite problems with /n vitro
maintenance of differentiation state [19,38]. Podocyte lines immortalized from human
urine can respond to poly-1:C with induction of detectable APOL1 expression. However,
cytotoxicity measured as cell viability, podocyte detachment and elevated apoptosis was
noted to be variant-independent in these cell lines [14].

The Celprogen primary human podocytes used in our studies retain a differentiated
phenotype, with expression of nephrin, podocin and WT1 (Fig. 7) resembling that
documented in human kidney organoids [9]. Our recordings from primary human podocytes
were complemented by preliminary studies in which primary murine podocytes were
outgrown overnight on rat tail collagen after isolation from IFN-y-treated and -untreated
APOL1 G2 knock-in mice [27]. On-cell patch recording revealed G2 knock-in mouse
podocyte cation currents with unitary conductance of 25.2+2.5 pS and NPo of 1.41+0.24
(n=3, —=Vp = +50 mV, data not shown), similar to values recorded in on-cell patches of
IFN-y-treated Celprogen human GO podocytes (Fig. 8).

Future recording from intact podocytes of glomeruli isolated from BAC-transgenic APOL1
mice treated without or with IFN~y will allow correlation of channel activity with proteinuria
and glomerular histopathological changes. Parallel track experiments will be conducted with
glomeruli in kidney organoids differentiated from induced pluripotent stem cells expressing
APOL1 GO, G1 or G2 [9,51].

Limitations and conclusions:

Our data are limited by their reliance on oligospecific polyclonal antibodies and
immortalized and primary cells passaged in tissue culture. In particular, our experiments
utilizing HEK-293 T-Rex cells are subject to distortion by possible off-target effects of
the inducer doxycycline, known, for example, to inhibit mitochondrial protein synthesis
at higher concentrations than used here. These data are also subject to distortion by
“subclinical cytotoxicity” of APOL1, which we attempted to minimize by measuring
experimental outcomes after 6 h induction (or 10 h for immunolocalization). Many of

the characteristics of APOL1-associated currents detected in HEK-293 T-Rex cells were
reproduced in primary human podocytes in culture. However, as Celprogen podocytes
express APOL1 GO, future experiments will compare currents of APOL1 risk variants G1
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and G2 with GO in human induced pluripotent stem cell-derived podocytes, in transgenic
mouse podocytes in the contexts of isolated intact glomeruli and of primary glomerular
outgrowths, and in BAC-transgenic mice expressing APOL1 GO, G1, or G2 in uniform
insertion sites [27], bred to express podocyte-specific genetically endcoded Ca2* indicators.

In summary, we have shown that HEK-293 cells overexpressing APOL1 risk variants
expressed currents of higher magnitude than did cells overexpressing APOL1 GO. These
currents displayed preferential cation selectivity and were partially inhibited by extracellular
exposure to oligospecific anti-APOL1 antibodies. Similar currents were induced by IFNy in
Celprogen primary human podocytes of APOL1 GO genotype. These currents were inhibited
by extracellular anti-APOL1 antibody and by extracellular trypanosomal protein SRA, and
were abrogated by CRISPR-mediated knockout of the APOL 1 gene. We conclude that
APOL1 mediates IFNy-induced cation currents in human primary glomerular podocytes, or
is at least required for expression of those currents.
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Figure 1. APOL1 expression in HEK-293 T-Rex cells.
A. Representative immunoblot of 6 h doxycycline-induced APOL1 expression in cells

stably transfected with empty vector (EV) or vectors encoding APOL1 variants with Lys
(GO0) or Glu (G1 and G2) at residue 150. Anti-APOL1 antibody was Sigma HPA018885.
Vinculin served as loading control. B. Densitometric quantitation of APOL1 immunoblots
(n=4) similar to that in panel A. Similar results were obtained using GAPDH or B-actin as
controls (not shown). C. Immunofluorescence micrographs of T-Rex cells stably transfected
with EV, G1, G2 (scale bars, 30 um) or GO (scale bars, 100 um), grown on coverslips

and treated with doxycycline for 10 h to induce APOL1 expression. Fixed cells were

not detergent-permeabilized before antibody incubations. Red represents Na*,K*-ATPase

a subunit (NAKA); green depicts APOL1. Anti-APOL1 antibody was Proteintech 11486-
2-AP.
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Figure 2. Overexpression of APOL1 GO and of APOL1 G1 in T-Rex cells leads to increased
whole cell currents sensitive to inhibition by acid pH, Zn2+, and Gd3*.

A. Whole cell current-voltage (I-V) curves of T-Rex cells induced 6 h to express EV (open
circles, n=6), APOL1 GO (filled circles, n=11), G1 (filled diamonds, n=7), and G2 (open
squares, n=7). Comparison of capacitance-normalized current values at —100 mV revealed
p=0.052 for EV vs. GO, p=0.002 for EV vs. G1, p=<0.001 for EV vs G2, p=0.023 for GO

vs G1 and p=0.003 for GO vs G2 by one-way ANOVA with Bonferroni post-test; two-tailed
t-test revealed p=0.0061 for EV vs GO. B. Acidic bath pH 6 suppressed whole cell currents
in T-Rex cells induced to express APOL1 G1 (n=7; *, p=0.012 by paired two-tailed t-test).
C. Whole cell I-V curves from T-Rex cells induced to express APOL1 G1, recorded in

the presence of sequentially increasing bath concentrations of ZnSO,4 (n=5; p=0.001 for 3
mM vs. control at =100 mV; paired two-tailed t-test). Inset: hyperbolic fit of concentration-
response curve, showing ZnSQy ICsqg of 154 uM. D. Whole cell I-V curves from T-Rex cells
induced to express APOL1 G1, recorded in the absence (control) and subsequent presence of
1 mM bath GdCl3 (n=7, *, p=0.007 at —100 mV; paired two-tailed t-test).
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Figure 3. APOL1-associated channel activity exhibits preferential cation selectivity.
A. Representative whole cell I-V curve of T-Rex cells induced 6 h to express APOL1 GO,

recorded sequentially in baths containing initially 140 mM NaCl (n=6, open circles) and
subsequently 14 mM NaCl (n=4, filled circles). B. Whole cell reversal potentials (E;ey)

in T-Rex cells induced 6 h to express APOL1 GO as in panel A, measured first in 140

mM NacCl bath (n=6, white bar) and subsequently in 14 mM NaCl bath (n=6, gray bar;
two data points overlap at highest value). *, p= 0.02 by paired two-tailed t-test. C. Whole
cell I-V curve of TRex cells induced 6 h to express APOL1 G1, recorded sequentially in
baths containing initially 140 mM NaCl (n=9, open circles) and subsequently 14 mM NaCl
(n=8, filled circles). Note different Y axis scales of panels A and C. D. Whole cell reversal
potentials (Eey) in T-Rex cells induced 6 h to express APOL1 G1 as in panel C, measured
first in 140 mM NaCl bath (n=9, white bar) and subsequently in 14 mM NaCl bath (n=9,
gray bar). Some data points overlap in both bars. *, p=0.002 by paired two-tailed t-test.
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Figure 4. Antibody to APOL1 aa 263-387 partially inhibits whole cell currents in T-Rex cells
overexpressing APOL1 GO or APOL1 G1.

A. Whole cell I-V curves from T-Rex cells induced 6 h to overexpress APOL1 GO,

recorded in the initial absence (open circles, n=6) and subsequent presence of rabbit
polyclonal antibody to APOL1 C-terminal aa 263-387 (Sigma, 2 pug/ml, filled circles,

n=6), followed after 2 min by antibody washout (open dotted diamonds, n=4, recorded

after 3 min). B. Summarized capacitance-normalized whole cell currents measured at

-100 mV in the APOL1 GO-expressing T-Rex cells of panel A, in the absence (control,
white bar, n=6), subsequent presence (gray bar, n=6), and after washout of anti-APOL1
C-terminal domain antibody (black bar, n=4). **, p=0.006 vs. control, p=0.037 vs washout;
repeated measures ANOVA with Bonferroni post-test. C. APOL1 GO whole cell currents
(capacitance-normalized) measured at =100 mV in the absence (white bar) and subsequent
presence for 2 min of 2 ug/ml nonspecific rabbit 1gG (gray bar, n=4; N.S. for both
conditions). D. Whole cell I-V curves recorded from T-Rex cells induced 6 h to overexpress
APOL1 G1 in the initial absence (open circles) and subsequent presence for 2 min of anti-
APOL1 C-terminal domain antibody (2 ug/ml; filled circles), followed by antibody washout
for 3 min (open diamonds, n=7 for all conditions). Included in panel E but not D are data
from two cells for which patch seals did not survive antibody washout. E. Summarized
capacitance-normalized APOL1 G1 currents (as in panel D) measured at —=100 mV in the
initial absence (control, white bar, n=9), subsequent presence of anti-APOL1 antibody (gray
bar, n=9), and after antibody washout (black bar, n=7); **, p<0.001 vs control, p=0.008 vs
washout; repeated measures ANOVA with Bonferroni post-test. F. APOL1 G1-associated
whole cell currents (capacitance-normalized) measured at —100 mV in the absence and after
2 min exposure to nonspecific rabbit IgG (2 pg/ml; n=4, N.S. for both conditions).
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Figure 5. Antibody to APOL1 aa 1-238 partially inhibits whole cell currents in cells
overexpressing APOL1 GO or APOL1 G1.

A. Whole cell I-V curve from HEK-T-Rex cells induced 6 h to overexpress APOL1 GO,
recorded before (open circles) and 2 min after bath addition of rabbit polyclonal anti-APOL1
aa 1-238 1gG (Promega, 2 pg/ml, filled circles), and 3 min after subsequent antibody
washout (open diamonds). B. Summary of capacitance-normalized whole cell currents
recorded at —100 mV from the T-Rex cells of panel A overexpressing APOL1 GO before
(control, white bar, n=11) and after bath addition of anti-APOL1 aa 1-238 IgG (2 ug/ml,
black bar, n=11) followed by antibody washout (gray bar, n=10). *, p<0.001 vs control; p
= 0.002 vs. washout). Note datapoint overlap in white and black bars. C. Whole cell I-V
curve from T-Rex cells induced 6 h to overexpress APOL1 G1 before (open circles) and
2 min after bath addition of anti-APOL1 aa 1-238 IgG (filled circles), and 3 min after
subsequent antibody washout (open diamonds). D. Summary of capacitance-normalized
whole cell currents recorded at —100 mV from the T-Rex cells of panel C overexpressing
APOL1 G1 in the initial absence (open bar, n=12) and after subsequent presence of anti
APOL1 aa 1-238 1gG (black bar, n=12), followed by subsequent antibody washout (gray
bar, n=12; data points overlap in all bars). *, p<0.001 vs. control, p<0.011 vs. washout;
repeated measures ANOVA with Bonferroni post-test.
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Figure 6. Unitary current associated with APOL1 G1 expression in HEK-293 T-Rex cells.
A. Current trace recorded at Vp = =100 mV in an on-cell patch from a representative

T-Rex cell overexpressing APOL1 G1 after 6 h doxycycline treatment. Seal resistance of
this patch at the end of recording was 3 GQ. B. Single channel IV curve recorded from an
on-cell patch of a different T-Rex cell induced 6 h with doxycycline to express APOL1 G1.
Unitary conductance was 27 pS, with NPo of 1.47. C. NPo of unitary currents recorded from
on-cell patches of T-Rex cells transfected with EV (n=3) or G1 (n=7) after 6 h doxycycline
treatment. *, p=0.006 vs EV by unpaired two-way Student t-test.

Pflugers Arch. Author manuscript; available in PMC 2023 July 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Vandorpe et al. Page 28

A c +IFNy SnA D
+IFNy -IFNy i

Ctrl C3%0 C1%0 c2%0  Ctrl

150 msec

APOL -

(43 kDa) PNy

Bact AE—G————

IFNY IFN
B E - + - i
1 2 3 4 PR CL) (5) %" (19 (1) (5)

- 250 8 B
O — i

_150

Nephrin
d # )

-100 -

Actin Iﬂ---]

Current (pA/pF)
N
8

1 2 3
. —
Podocin |"- -.'”

Actin s s s
-400 *

Figure 7. Antibody to APOL1 aa 1-238 partially inhibits whole cell currents of INFy-induced
Celprogen human primary podocytes.

A. Immunoblot detection of APOL1 in podocytes treated in the absence (-INFy, rightmost
lane) or presence of INF+y (Ctrl, leftmost lane). APOL1 is not induced by IFNy in three
clonal populations derived from Celprogen human primary podocytes (C1KO, C2KO,
C3KO) in which the APOL1 gene was subjected to CRISPR-mediated inactivation. p-
actin served as loading control. B. Preservation of differentiated phenotype in Celprogen
podocytes. Upper panels: immunoblot of nephrin in lysates of HEK-293 cells transiently
overexpressing nephrin (lane 1), in SV40LgT-immortalized human podocytes (lane 2), in
Celprogen primary human podocytes (lane 3) and in podocyte outgrowths from human
glomeruli. Lower panels: immunoblots of WT1 and podocin in HEK-293 cells transiently
overexpressing WT1 or podocin (lane 1), in SV40LgT-immortalized human podocytes (lane
2) and in Celprogen primary human podocytes (lane 3). B-actin served as loading control
for both upper and lower panels. C. Whole cell 1V curve (linear ramp from +100 (at left)
to —100 mV (at right)) recorded from a representative human primary podocyte incubated
18 h in the absence (lower trace) or presence of IFN+y (10 ng/mL, upper trace). D. Whole
cell IV curve (linear ramp from +100 (at left) to —100 mV (at right), recorded first in the
absence (red trace) and then after 2 min in the presence of anti-APOL1 aa 1-238 antibody
(black trace +Ab), and finally after 3 min of antibody washout (black trace “washout™).
Seal resistances at the end of each period were 9.7 GQ (-Ab), 8.3 GQ (+Ab) and 4.0 GQ
(washout). E. Capacitance-normalized whole cell currents measured at —60 mV in normal
human primary podocytes incubated 24 h in the absence (n=11, left three datasets) or
presence of 10 ng/ml IFNy (n=19, right three datasets); *, p<0.016 vs. minus IFNy. Each
cell was recorded first in the absence and then in the subsequent presence of anti-APOL1
N-terminal domain antibody for 2 min (2 pg/ml, +Ab; n=6 —=IFN-y and n=11 +IFN),
followed by 3 min antibody washout (w/o, n=3 —=IFN+y and n 5 +IFN-y). Among the 19
IFNy-pretreated cells, open circles represent cells for which patch seals did not survive the
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antibody exposure, black circles connected by black lines depict cells for which patch seals
did not survive antibody washout, and black circles connected by red lines show cells for
which patch seals survived all three recording conditions. #, p= 0.135, vs. —-IFNvy before
antibody; ##, p=0.008 vs. +IFNy before antibody; one-way ANOVA on ranks with Dunnett’s
post-test.
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Figure 8. IFN+y-induced single channel activity recorded in on-cell patches of Celprogen human
podocytes is abrogated in CRISPR-Cas9 APOL1 knockout cell lines.

A. Representative on-cell current traces measured at —-Vp = +50 mV in podocytes previously
treated 24 h with vehicle (upper trace) or with IFNy (10 ng/mL, lower trace). B. I-V

curve of the predominant unitary conductance class (28 pS) of on-cell patch currents in

a representative IFN-y-treated Celprogen human podocyte. C. NPo of predominant unitary
current class in native Celprogen podocytes (WT, middle pair of bars) and in two Celprogen
knockout cell lines (KO #1 and KO #2), each treated 24 h in the absence (left unfilled bars
of each pair) and presence of IFNy (right bars of each pair; data points overlap in all bars).
Values are means + s.e.m. for indicated (n). *, p<0.05 for WT+IFNy vs —=IFN-y, and for
WT+IFN7y vs each KO+IFNy; unpaired two-way t-tests.
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Figure 9. Anti-APOL1 aa 1-238 and a GST fusion protein of T. brucei rhodesiense SRA (Serum
Response-Associated) aa 24-267 both inhibit APOL1-associated single channel activity in IFNy-
treated primary human podocytes.

A. NPo of unitary currents measured at —Vp = +50 mV in IFNy-pretreated Celprogen
podocytes treated without (n=14, white bar, data points overlap) or with 2 pg/ml anti-
APOL1 N-terminal domain antibody (n=7, black bar, data points overlap) or nonspecific
rabbit 19gG (n=6, gray bar) in the pipette solution. Steady-state values at 2-3 min after
achievement of seal. *, p=0.003 vs “none”; unpaired two-tailed t-test. B. NPo of unitary
currents measured at —Vp = +50 mV in IFNy-pretreated Celprogen podocytes (n=6)
exposed to 3 UM recombinant N-terminal fragment of Serum Response-Associated (SRA)
of Trypanosoma brucei rhodesiense in the pipette solution, and recorded immediately after
establishment of a gigohm seal (gray bar) and ~110 s after seal establishment (black bar;
data points overlap). *, p<0.041 vs ~0 sec; unpaired two-tailed t-test. Gigohm resistances
were maintained throughout the recording periods.
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