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Coding variants in apolipoprotein L1 (APOL1), termed G1and G2, can explain most excess kidney disease risk in African
Americans; however, the molecular pathways of APOL1-induced kidney dysfunction remain poorly understood. Here, we
report that expression of G2 APOL1 in the podocytes of Nphs1rtTA/TRE-G2APOL1(G2APOL1) mice leads to early activation

of the cytosolic nucleotide sensor, stimulator of interferon genes (STING), and the NLR family pyrin domain-containing

3 (NLRP3) inflammasome. STING and NLRP3 expression was increased in podocytes from patients with high-risk APOL1
genotypes, and expression of APOL1 correlated with caspase-1and gasdermin D (GSDMD) levels. To demonstrate the role

of NLRP3 and STING in APOL1-associated kidney disease, we generated transgenic mice with the G2 APOL1 risk variant and
genetic deletion of Nirp3 (G2APOL1/Nirp3 KO), Gsdmd (G2APOL1/Gsdmd KO), and STING (G2APOL1/STING KO). Knockout
mice displayed marked reduction in albuminuria, azotemia, and kidney fibrosis compared with G2ZAPOL1 mice. To evaluate
the therapeutic potential of targeting NLRP3, GSDMD, and STING, we treated mice with MCC950, disulfiram, and C176, potent
and selective inhibitors of NLRP3, GSDMD, and STING, respectively. GZAPOL1 mice treated with MCC950, disulfiram, and C176
showed lower albuminuria and improved kidney function even when inhibitor treatment was initiated after the development

of albuminuria.

Introduction

African Americans represent 13% of the US population, and
yet 35% of patients on chronic dialysis are African American (1,
2). This excess chronic kidney disease (CKD) risk can mostly
be explained by G1 and G2 coding variants in apolipoprotein L1
(APOLI; refs. 3-5). APOLI is a recently evolved member of the
APOL gene family only found in humans and certain higher-order
primates. The APOLI G1 and G2 variants emerged as a result of a
positive selection, as having a single copy of G1 or G2 risk variants
protects from African trypanosomiasis; however, carrying 2 cop-
ies of G1 or G2 alleles (high-risk genotype) predisposes to kidney
disease development (6).

To establish the causal link between risk variants and kidney
disease, our laboratory previously generated cell-type-specific,
doxycycline-inducible mouse models carrying GO (GOAPOLI, ref-
erence allele), or the G1 allele (GIAPOLI) and /or G2APOLI1 (7). We
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observed that mice with podocyte-specific expression of GIAPOLI
and G2APOLI manifested marked albuminuria, podocyte injury,
and glomerulosclerosis, eventually leading to azotemia and
chronic kidney failure, features similar to patients with the high-
risk APOLI genotype. The phenotype development was strongly
associated with the risk genotypes, and mice carrying GOAPOLI
showed only minor renal alterations.

APOLI-associated glomerular disease development is strongly
linked to podocyte-specific expression (7), even though a large
amount of APOL1is present in plasma (8), as it is part of the innate
immune system. Multiple cell types, including endothelial cells,
vascular smooth muscle cells, and hepatocytes express APOLI
(9). Transgenic expression of APOLI risk variants in kidney tubule
epithelial or liver cells did not lead to observable phenotype devel-
opment, indicating a critical cell-type dependence of the kidney
phenotype (10). Human kidney transplant studies also support a
strong correlation between kidney expression of APOLI risk geno-
types and kidney disease development (11-15).

Increased levels of APOLI risk variants is an important trigger
for APOLI-associated kidney disease development. In cultured
cells, the APOLI-induced cytotoxicity is dose dependent (7, 16). In
animal models, a strong correlation between phenotype and the
degree of APOL1 RNA and protein expression was observed (7, 17).
Increased APOL1 expression is considered to be the second hit
triggering phenotype development in patients. Interferon (IFN) is
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the best-characterized regulator of APOLI expression (18). Exog-
enous IFN administration to subjects with APOLI high-risk gen-
otype promotes rapid development of albuminuria and glomeru-
losclerosis (19). IFN administration increased APOLI expression
and induced proteinuria in a recently developed humanized-
mouse-gene knockin model (20). Furthermore, APOLI antisense
oligonucleotides that reduce RNA stability and hence lower
APOLI1 protein expression ameliorated the renal phenotype in a
humanized mouse model (17). These agents are currently being
tested in trials for APOLI nephropathy.

The mechanism of APOLI risk variant-induced podo-
cyte toxicity has been the subject of debate. APOL1 acts as an
ion-conducting channel (or pore) in trypanosomes (21-24), and
a similar ion-conducting activity might contribute to its podo-
cyte-specific cytotoxicity as well (25). Other injury pathways
have also been proposed, including increased K* efflux caus-
ing the activation of stress-activated protein kinases, impaired
endoplasmic reticulum trafficking, oligomerization resulting
in mitochondrial pore opening, lysosomal leakage, disrupted
endosomal trafficking, altered autophagy, and increased inflam-
matory stress (7, 16, 20, 26, 27, 28-31).

In the present study, we took a comprehensive approach to
understand APOLI risk variant-induced kidney disease develop-
ment, using cultured human podocytes, cytotoxicity screening,
podocyte-specific APOLI-transgenic mice, and patient samples.
Our data indicate that APOLI risk variant-induced cytotoxicity
involves the cytosolic nucleotide sensor STING (the stimula-
tor of interferon genes), as well as inflammasomes that contain
Nod-like receptor protein 3 (NLRP3) and gasdermin D (GSDMD).
Our results raise the possibility that targeting STING, NLRP3,
and GSDMD is a potential therapeutic approach to treat APOLI-
associated kidney disease.

Results

Podocyte APOLI risk variant activates NLRP3 inflammasome sig-
naling. Mice expressing podocyte-specific doxycycline-induc-
ible APOLI risk variants manifest with podocyte loss leading to
glomerulosclerosis (7), features characteristic of human APOL1-
associated kidney disease. To understand the mechanism
of podocyte injury, we compared mice expressing podocyte-
specific APOLI reference allele (GO) (NphsIrtTA-TRE-
GOAPOLI-GFP; GOAPOLI) and G2APOLI on a doxycycline-con-
taining diet for 3 weeks (Figure 1A). GOAPOLI mice showed no
detectable albuminuria, while G2APOLI mice developed marked
albuminuria (Figure 1B) and glomerulosclerosis (Figure 1C). Both
groups showed similar APOL1 protein expression levels when
analyzed by Western blotting (Figure 1D).

RNA sequencing of whole-kidney lysates of WT, GOAPOLI-
expressing, and risk allele GIAPOL1 and G2APOLI-expressing
mice indicated higher expression of genes encoding cytokines
(Tnfa, 116, and I1l18), markers of inflammasome and pyroptosis
(Ii1b, Caspl, Nirp3, and Gsdmd), and cytosolic nucleotide sensors
(Mb21d1/cGAS, Tmem173/Stingl, Irf7, and TbkI) in mice express-
ing the APOL1 risk alleles when compared with WT and the refer-
ence GO allele (ref. 7 and Supplemental Figure 1A; supplemental
material available online with this article; https://doi.org/10.1172/
JCI136329DS1). Quantitative reverse transcription PCR (qRT-
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PCR) analysis further confirmed gene expression changes (Sup-
plemental Figure 1B).

G2APOLI mice showed a considerably higher expression
of proteins associated with inflammasome activation, such as
NLRP3, cleaved caspase-1 (10 kDa), caspase-11, and GSDMD
(Figure 1D and Supplemental Figure 1C), confirming the activa-
tion of the inflammasome. In whole-kidney lysates of G2ZAPOLI
mice, we also observed increased expression of markers of
apoptosis, such as cleaved caspase-9 and cleaved caspase-3.
Immunohistochemical analysis showed that immune and renal
tubular epithelial cells expressed cleaved caspase-3 in G2APOLI
mice (Supplemental Figure 2A). We observed higher expression
of intracellular nucleotide sensing pathways, including phos-
phorylated STING, TBK1, and IRF3 proteins in G2APOLI mice
(Figure 1E and Supplemental Figure 1C). Furthermore, tran-
scriptional targets of STING, TBK, and IRF, including levels of
IFN-stimulated genes (ISGs; including Ifitl, Ifitml, Mx2, Isgl5,
and Statl), were higher in mice with podocyte-specific risk vari-
ant expression (Figure 1F).

To understand early changes that are specific to glomeruli
and podocytes, we analyzed G2ZAPOLI mice 3 days after initia-
tion of doxycycline-containing food (Figure 2A). These animals
developed detectable proteinuria but did not develop glomeru-
losclerosis (data not shown). We observed an increase in trans-
gene expression, as visualized by green fluorescent protein (GFP)
expression, in G2APOLI mice compared with controls (Figure 2B).
In isolated glomeruli, we failed to detect markers of apoptosis
such as cleaved caspase-3 or caspase-9 (Figure 2B). On the other
hand, we observed a marked increase in the expression of inflam-
masome proteins such as NLRP3 and downstream effectors,
such as caspase-1 (pro-caspase-1 and 10 kDa cleaved caspase-1)
and caspase-11 (Figure 2B). Protein expression levels of cytosolic
nucleotide sensing pathways, including phosphorylated STING
and phosphorylated TBK1 were higher in glomeruli of G2APOLI
mice (Figure 2C and Supplemental Figure 2B). In keeping with
these findings, mRNA levels of ISGs were considerably higher in
G2APOLI mice (Figure 2D).

To examine the cell-type-specific expression of inflam-
masome markers, we performed immunostaining in kidneys
of control and G2APOLI mice. We observed a clear increase in
NLRP3 and caspase-1 expression in G2APOLI mice. In addition,
phosphorylated-STING levels were also markedly higher in podo-
cytes of G2APOLI mice (Figure 2E).

In summary, our results indicate that the expression of
podocyte-specific APOLI risk variants in mice leads to early acti-
vation of the nucleotide sensing pathway STING and NLRP3
inflammasomes in podocytes.

APOLI-induced cytotoxicity in high-risk human podocytes
is STING and NLRP3 dependent. As mouse podocytes do not
endogenously express APOL1, we next analyzed low-risk (GO/
GO) and high-risk (G1/G2) genotype human podocyte-like epi-
thelial cells (HUPECS) (7, 32). In patients, disease development
is strongly linked to APOLI variant level, which is controlled by
IFN (1, 7, 18). IFN-y treatment led to a marked increase in APOL1
expression in low- and high-risk genotype cells (Figure 3, A and
B). The expression of the cytosolic nucleotide sensor STING
and inflammasome proteins NLRP3 and caspase-1 (Figure 3,
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Figure 1. Podocyte-specific APOL1T risk allele expression induced activation of cell death and
signaling pathways in mouse kidneys. (A) Experimental design: Nphs1-rtTA/TREGOAPOL1-GFP
(GOAPOLT) and Npsh1-rtTA/TREG2APOL1-GFP (G2APOL1) mice were generated and placed on a
doxycycline-containing diet for 3 weeks to induce kidney disease. (B) Albumin/creatinine ratio (ACR)
of urine samples of GOAPOL1 and G2APOL1 mice (n = 3). ***P < 0.001vs. GOAPOLI. (C) Represen-
tative PAS-stained sections of GOAPOLT and G2APOL1 mice. Scale bars: 30 um (top) and 10 um
(bottom). (D) Representative Western blots of whole-kidney lysates of GOAPOLT and G2ZAPOL1T mice.
Immunoblots indicate markers of inflammasome activation (NLRP3, caspase-1, cleaved caspase-1
[cI-Casp1]), apoptosis (cleaved caspase-9 and cleaved caspase-3), and pyroptosis (caspase-11,
gasdermin D [GSDMD], and cleaved N-terminal GSDMD [N-GSDMD]). GAPDH was used as a loading
control. (E) Immunoblots indicate markers of STING activation (STING, phosphorylated STING, TBK1,
phosphorylated TBK1, IRF3, phosphorylated IRF3). (F) Relative transcript levels of Ifit1, Ifitm1, Mx2,
Isg15, and Stat1in whole-kidney lysates of G20POL1 (n = 6) and G2APOL1 (n = 6) mice. *P < 0.05,
***P < 0.001vs. GOAPOLT. Significance was determined by Student’s 2-tailed t test (B) or 1-way
ANOVA and SNK post hoc test (F). Data are expressed as the mean + SEM.
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B and C, and Supplemental Figure 3, A-F)
was higher in high-risk genotype cells com-
pared with GO/GO podocytes.

High-risk genotype cells displayed a
dose-dependent increase in cytotoxicity,
evidenced by lactate dehydrogenase (LDH)
release (Figure 3D). As observed previ-
ously (33), at higher doses of IFN-y, even
low-risk genotype cells showed some cyto-
toxicity (data not shown). To understand
the mechanism of APOLI-induced cytotox-
icity, we performed a cytotoxicity screen
by targeting a variety of cell death and
signaling pathways (Figure 3E and Supple-
mental Figure 3G). The NLRP3 inhibitor
MCC950, cGAS inhibitor RU.521, STING
inhibitor C176, and caspase-1 inhibitors
Ac-YVAD-CHO and VX765 each signifi-
cantly reduced IFN-y-induced cytotoxicity
in APOLI high-risk-genotype cells. We did
not observe a reduction in cytotoxicity fol-
lowing treatment with NECls, an inhibitor
of necroptosis; Z-LEHD-FMK, a caspase-9
inhibitor; or liproxstatin-1, an inhibitor of
ferroptosis (Figure 3E). Inhibition of autoph-
agy with chloroquine prominently increased
APOL1-induced cytotoxicity, while inducers
of autophagy such as rapamycin and
STF66247 lowered APOLI-induced cytotox-
icity. SB 203580, an inhibitor of p38 MAPK,
also lowered cytotoxicity in high-risk podo-
cytes (Figure 3E). These studies highlighted
the role of autophagy and the inflammasome
pathway in APOLI-induced cytotoxicity.

APOL1 hasbeenreported to function as
a cation channel (16, 21, 22, 34) with poten-
tial calcium conductance (35); therefore,
we next analyzed intracellular calcium lev-
els. IFN-y treatment of GO/GO and G1/G2
human urinary podocytes (HUPECs) led
to a dose-dependent increase in intracel-
lular calcium. The increase in intracellular
calcium was greater in G1/G2 podocytes
(Figure 3F). The IFN-y-treated high-risk
genotype cells also displayed elevated cal-
cineurin activity (Figure 3G). The rise in
intracellular calcium contributed to cyto-
toxicity, as chelation of Ca?* by BAPTA
(Supplemental Figure 4A) lowered LDH
release (Figure 3H). On the other hand,
treatment of cultured podocytes with
MCC950, Ac-YVAD-CHO, RU.521, or
C176 did not alter intracellular calcium
levels, indicating that CASP1, GSDMD,
and STING activation is either down-
stream or independent of intracellular cal-
cium changes (Supplemental Figure 4A).
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Increased cytosolic calcium levels contributed to caspase-1 acti-
vation, as IFN-y treatment led to a marked increase in cleaved
caspase-1 levels and chelation of intracellular calcium lowered
caspase-1 levels, indicating that intracellular calcium changes
were upstream of inflammasome activation (Supplemental Fig-
ure 4B). Moreover, treatment of APOLI high-risk podocytes
with a ¢cGAS inhibitor (Ru.521) or STING inhibitor (C176) pre-
vented the activation of NLRP3 and STING induced by IFN-y
(Supplemental Figure 4C), suggesting that NLRP3 is down-
stream of cGAS/STING. The increase in cytotoxicity, intracel-
lular calcium, and calcineurin activity was confirmed using an
independent line of high-risk-genotype HUPECs (Supplemental
Figure 4, D-F).

Although the final mechanism of APOL1-induced cytotoxic-
ity was linked to its channel activity, most studies agree that dif-
ferences in intracellular trafficking and defects in autophagy and
mitochondrial function contribute to risk variant-associated cell
injury. Indeed, reanalysis of our prior RNA-sequencing data from
WT, GOAPOLI, and risk-allele mice confirmed the marked alter-
ations in mitochondrial transcript and protein expression (Supple-
mental Figure 5, A and B). Interestingly, IFN-y treatment resulted
in dose-dependent alterations in maximal oxygen consumption
capacity in high-risk APOLI cells (Supplemental Figure 5, C and
D). At the same time, we observed an increase in mitochondrial

LT 8f i ol 28

- T T T T
Ifit1 Ifitm1 Mx2 Isg15 Stat1

pSTING

Full images of NLRP3 and caspase-1
staining are shown in Supplemental
Figure 6. Significance was deter-

Control mined by 1-way ANOVA and SNK

G2APOLA1
R post hoc test. Data are expressed as
the mean + SEM.

depolarization and increase in reactive oxygen species (ROS) gen-
eration (Supplemental Figure 5, E-H). The defect in mitochon-
drial function was associated with increased cytosolic accumula-
tion of mitochondrial DNA (Supplemental Figure 5I). Inhibiting
mitochondrial ROS production with mitoTEMPO or depletion of
cytosolic mitochondrial DNA with ethidium bromide prevented
NLRP3 and STING activation (Supplemental Figure 5]).

In summary, we found that IFN-y treatment was associated
with dose-dependent cytotoxicity in high-risk APOLI podocytes.
Expression of risk-variant APOLI was associated with increased
calcium flux and inflammasome activation and pyroptosis, altered
mitophagy, cytosolic leakage of mitochondrial DNA, and activa-
tion of the cytosolic nucleotide sensor STING.

Genetic deletion of Nlrp3 in G2APOLI-transgenic mice mark-
edly improved kidney function. To examine the functional role of
the NLRP3 inflammasome pathway in APOLI-associated kidney
disease, we crossed global Nirp3-knockout (Nlrp3-KOj ref. 36)
and G2APOLI mice to generate littermate G2APOL1/Nlrp3-WT
and G2APOL1/Nirp3-KO mice (Figure 4A). At 4 weeks of age,
G2APOLI1/NIrp3-WT and G2APOL1/Nlrp3-KO mice were placed
on doxycycline-containing diet for 3 weeks. Podocyte-specific
APOLI expression following doxycycline administration was con-
firmed by in situ hybridization (Figure 4B). Both groups showed
similar levels of podocyte APOLI expression by qRT-PCR (Fig-
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Figure 3. APOL1-induced cytotoxicity of high-risk human podocytes is inflammasome and STING dependent. (A) Experimental design: Low- (GO/G0) and
high-risk (G1/G2) HUPECs treated with IFN-y. (B) Representative Western blots and (C) densitometric quantification of APOL1, NLRP3, cleaved caspase-1,
STING, phosphorylated STING, and actin of GO/GO and G1/G2 cells treated with vehicle or 2 ng/mL IFN-y for 24 hours (n = 3). *P < 0.05, **P < 0.01, ***P

< 0.001. (D) Cytotoxicity, measured by LDH release, was normalized to calcein absorbance as an indicator of live cell count. GO/GO and G1/G2 cells were
treated for 24 hours with vehicle (n = 5), 0.2 ng/mL IFN-y (n = 6), or 2 ng/mL IFN-y (n = 6). ***P < 0.001 vs. control. (E) Cytotoxicity in G1/G2 HUPECs. G1/

G2 HUPECs were treated with 2 ng/mL IFN-y for 24 hours in the presence of inhibitors of NLRP3 (MCC950 [MCC]), caspase-1 (Ac-YVAD-CHQ [Cho] and

VX765 [VX]), caspase-9 (LEHD [Leh]), necroptosis (NEC1s [Nec]), ferroptosis (Liproxstatin [Lip]), p38 MAPK (SB 203580 [p38]), autophagy (choloroguine

[CQI), and inducers of autophagy (STF66247 [STF] and rapamycin [Rapal). n

= 3. ###P < 0.001 vs. control; **P < 0.01, ***P < 0.001 vs. IFN-y. (F) Change in

intracellular Ca? (measured by FURA-2 AM fluorescence) presented as percentage change from baseline. Cells were treated with 0.2 ng/mL, 2 ng/mL, or

20 ng/mL IFN-y for 8 hours (n = 3). *P < 0.05 vs. control-treated cells. (G) Relative calcineurin activity of GO/GO and G1/G2 HUPECs treated with sham or

the indicated concentrations of IFN-y. **P < 0.01, ***P < 0.001 vs. control (n = 6); ###P < 0.001 vs. indicated group. (H) Cytotoxicity of G1/G2 HUPECs. G1/
G2 cells were treated for 24 hours with 2 ng/mL or 20 ng/mL IFN-y with or without pretreatment with 0.5 uM BAPTA in Ca?*-free HBSS for 2 hours (n = 6).
***P < 0.001vs. control-treated cells; red-colored, *P < 0.05 vs. indicated group. Significance was determined by 1-way ANOVA and SNK post hoc test.

Data are expressed as the mean + SEM.

ure 4C). G2APOL1/NIrp3-WT mice developed proteinuria within
1 week of doxycycline administration, as evidenced by a high
mean urinary albumin to creatinine ratio (ACR), and the protein-
uria continued as the animals were kept on the doxycycline diet

J Clin Invest. 2021;131(20):e136329 https://doi.org/10.1172/)CI136329

(Figure 4D). Mice with genetic deletion of Nirp3 (i.e., G2APOL1/
Nirp3-KO) manifested with 70% lower urine ACR values.

Kidney function analysis, including measurements of serum
blood urea nitrogen (BUN) and serum creatinine, showed that
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Figure 4. Genetic deletion of Nirp3 in G2APOL1-transgenic mice markedly
improves kidney function. (A) Experimental design for the generation

of G2APOL1/NIpr3-KO mice. (B) Representative images of APOLT in situ
hybridization. (C) Relative APOLT transcript levels in kidneys of G2ZAPOL1/
Nlrp3-WT (n = 6) and G2ZAPOL1/NIrp3-KO (n = 5) mice. (D) ACR of G2ZAPOL1/
NIpr3-KO (n = 6) and G2APOL1/NIrp3-KO mice (n = 5) at baseline, 1, 2,

and 3 weeks on doxycycline diet. *#P < 0.01vs. baseline; *P < 0.05, **P

< 0.01vs. G2APOL1/NIrp3-KO mice at the same time points. (E) BUN and
(F) serum creatinine levels of control (n = 3), G2ZAPOL1/NIrp3-WT (n = 6),
and G2APOL1/NIrp3-KO mice (n = 5). *P < 0.05 vs. G2ZAPOL1/NIrp3-WT; #P
< 0.05, ##P < 0.01vs. control. (G) Western blots of whole-kidney lysates.
(H) Relative transcript levels of Nirp3, Casp1, I1b, and 1/6 in control (n =

7), G2APOL1/ NIrp3-WT (n = 6), and G2APOL1/NIrp3-KO (n = 5) mice. *P <
0.05 vs. control; *P < 0.05 vs. GZAPOL1/NIrp3-WT. (I) PAS-stained kidney
sections. (J) Semiguantitative analysis of percentage of globally sclerotic
glomeruli in G2APOL1/NIrp3-WT (n = 3) and G2APOL1/NLRP3-KO (n = 5)
mice. **P < 0.01vs. G2ZAPOL1/NLRP3-WT. (K) Representative images of
glomeruli. (L) Percentage of attenuated epithelium with casts in G2APOL1/
NIrp3-WT (n = 3) and G2ZAPOL1/NLRP3-KO (n = 5) mice. ***P < 0.001 vs.
G2APOL1/NLRP3-WT. (M) Sirius red-stained kidney sections. (N) Quanti-
fication of Sirius red-positive area. #*#*#P < 0.001 vs. control; ***P < 0.001
vs. G2APOL1/NLRP3-WT. (0) Relative mRNA levels of Col1a1, Col3al, Fn1,
and Vim in the kidneys of control (n = 3), G2APOL1/NLRP3-WT (n = 5), and
G2APOL1/NLRP3-KO (n = 7) mice. **P < 0.01, ***P < 0.001 vs. control; **P <
0.01, ***P < 0.001 vs. G2ZAPOL1/NLRP3-WT. Scale bars: 30 um. Signifi-
cance was determined by 1-way ANOVA and SNK post hoc test. Data are
expressed as the mean + SEM.

G2APOL1/NIrp3-WT mice had significant azotemia compared
with control (WT) mice (Figure 4, E and F). GZAPOL1/Nirp3-
KO mice had markedly lower serum BUN and creatinine levels,
indicating preservation of renal function and milder APOLI-
associated kidney disease. We confirmed the genetic deletion
of Nirp3 by kidney tissue Western blotting and immunohisto-
chemical analysis (Figure 4G and Supplemental Figure 6A).
G2APOLI1/NIrp3-KO mice displayed markedly lower levels of
cleaved caspase-1, cleaved GSDMD, and caspase-11 protein com-
pared with G2ZAPOLI/NIrp3-WT mice (Figure 4G). In keeping
with these findings, mRNA levels of caspase-1 (Caspl) and down-
stream inflammasome effectors IL-1B (I/1b) and IL-6 (Il6) were
considerably lower in kidneys of G2ZAPOL1/Nlrp3-KO mice (Fig-
ure 4H and Supplemental Figure 6B).

We next examined renal structural changes in G2APOL1/
Nlrp3-WT and G2APOLI1/NIrp3-KO mice. Kidney sections stained
with periodic acid-Schiff (PAS) indicated less global and segmen-
tal glomerulosclerosis in G2APOLI mice in the absence of NLRP3
(Figure 4, I-K). Tubule damage was lower, including epithelial
injury, brush border damage, and luminal cast number in Nirp3-
KO mice (Figure 4L). Sirius red staining, an indicator of kidney
fibrosis, showed a marked reduction in collagen accumulation
in G2APOL1/Nirp3-KO mice (Figure 4, M and N). Expression
of fibrosis markers such as collagen I a1 chain (Collal), collagen
III a1 chain (Col3al), fibronectin 1 (Fnl), and vimentin (Vim) in
G2APOLI1/Nlrp3-KO mice (Figure 40) was markedly decreased.

Gasdermin D, encoded by GSDMD, plays a key role in inflam-
masome activation-induced pyroptotic cell death. To further
confirm the role of the inflammasome pathway in APOLI-asso-
ciated kidney disease, we crossed G2ZAPOLI mice with global
Gsdmd-knockout (Gsdmd-KO) mice to generate G2APOL1/
Gsdmd-WT and G2APOL1/Gsdmd-KO littermates (Supplemen-
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tal Figure 7A). We confirmed the genetic deletion of Gsdmd by
transcript and protein expression (Supplemental Figure 7, B and
C). Genetic deletion of Gsdmd was associated with markedly
lower albuminuria, serum BUN, and creatinine compared with
podocyte-specific G2APOLI mice (Supplemental Figure 7, D-F),
and resulted in less glomerulosclerosis and tubulointerstitial
fibrosis, as evidenced by immunohistochemistry and gene expres-
sion analysis (Supplemental Figure 7, G-1).

In summary, genetic deletion of the inflammasome com-
ponent Nlrp3 and downstream target Gsdmd led to a marked
improvement in kidney function and structure, and ameliorat-
ed inflammatory changes in APOLI-associated kidney disease
models.

Genetic deletion of STING protects from APOLI-induced podo-
cyte damage. To understand the role of the cytosolic nucleotide
sensors in APOLI risk variant-induced kidney damage, we crossed
podocyte-specific G2APOLI mice with STING-KO mice to gener-
ate littermate G2APOL1/STING-WT and G2APOLI/STING-KO
mice (Figure 5A). We confirmed the genetic deletion of STING
by transcript and protein expression (Figure 5, B and C). STING-
KO mice had improved kidney function indicated by lower albu-
minuria, serum BUN, and creatinine compared with G2APOLI
mice (Figure 5, D-I).

PAS-stained kidney sections indicated reduced glomerular
injury in STING-KO mice. Sirius red staining, as an indicator of
kidney fibrosis, showed a marked reduction in collagen accumu-
lation in G2ZAPOL1/STING-KO mice (Figure 5G). Expression of
profibrotic genes such as Collal, Col3al, Fnl, and Vim (Figure 5I)
was markedly decreased in G2APOL1/STING-KO mice. In sum-
mary, genetic deletion of the cytosolic nucleotide sensor STING
resulted in marked functional and structural improvement in
G2APOLI mice.

Pharmacological inhibition of STING and GSDMD amelio-
rates kidney disease in G2ZAPOLI mice. To evaluate the therapeutic
potential of targeting cytosolic nucleotide sensing pathways such
as STING, we treated mice with a small molecular STING inhibi-
tor, C176 (37). Mice were treated with 750 nmol C176 before trans-
gene induction and animals were euthanized 10 days following
transgene induction (Figure 6A).

Mice receiving STING inhibitor showed protection from kid-
ney disease, as demonstrated by functional changes such as mark-
edly lower albuminuria, serum creatinine, and BUN (Figure 6,
C-E). Animals also showed protection from histological damage,
including substantially less glomerulosclerosis and tubulointersti-
tial fibrosis (Figure 6, F and G). Similarly, expression of fibrosis-
associated genes such as Colal, Col 3al, Fnl, and Vim was lower
in inhibitor-treated mice. Expression of inflammation-associated
genes (Ccl2, Tnfa, and Cxcl2) was lower following C176 treatment
(Figure 6H). Similarly, beneficial results were obtained when mice
were treated with the GSDMD inhibitor disulfiram initiated prior
to G2APOLL1 expression (Figure 6, A-H).

In summary, STING and GSDMD inhibitor treatment effi-
ciently protected G2APOLI mice from disease development.

Pharmacological inhibition of NLRP3 ameliorates kidney dis-
ease in G2APOLI mice even when started after the initiation of pro-
teinuria. To understand the therapeutic potential of targeting
NLRP3 for APOLI-associated kidney disease, we examined the
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Figure 5. Genetic deletion of STING in G2APOL1-transgenic mice markedly improves kidney function. (A) Experimental design for the generation of
NphsirtTA/TREG2APOL1/STING-KO (G2APOL1/STING-KO) mice. (B) Western blots of whole-kidney lysates from G2ZAPOL1/STING-WT and G2APOL1/
STING-KO mice showing levels of STING and GAPDH. (C) Relative STING transcript levels in kidneys of G2APOL1/STING-WT (n = 5) and 2APOL1/STING-KO
mice (n = 5). ***P < 0.01vs. G2ZAPOL1/STING-WT. (B) Albuminuria (ACR) of G2ZAPOL1/STING-WT (n = 5) and G2APOL1/STING-KO mice (n = 5) at baseline, 1,
2, and 3 weeks on doxycycline diet. *P < 0.05, **P < 0.01, ***P < 0.001, comparing G2ZAPOL1/STING-WT mice at the same time points. (E) Serum creatinine
levels in control (n = 5), G2ZAPOL1/STING-WT (n = 5), and G2APOL1/STING-KO mice (n = 5). ***P < 0.001 vs. control; #P < 0.05 vs. indicated group. (F) Serum
urea nitrogen (BUN) levels in control, G2APOL1/ STING-WT, and G2APOL1/STING-KO mice. ***P < 0.001 vs. control; *P < 0.05 vs. indicated group. (G)
PAS-stained and Sirius red-stained kidney sections of control, G2ZAPOL1/STING-WT, and G2ZAPOL1/STING-KO mice. Scale bars: 30 um. (H) Quantification of
globally sclerotic glomeruli and Sirius red-positive area of control, GZAPOL1/STING-WT, and G2APOL1/STING-KO mice. n = 6 mice per group. ***P < 0.001
vs. control; #*P < 0.01, ###P < 0.001 vs. indicated group. (1) Relative mRNA levels of profibrotic genes Col7a7 (collagen type | a1 chain), Col3aT (collagen type
Il o1 chain), Fn1 (fibronectin 1), and Vim (vimentin); and markers of inflammation Cc/2 (chemokine ligand 2), Tnfa (TNF-a), and Cxcl2 (CXC ligand 2) were
evaluated in the kidneys of control, G2ZAPOL1/STING-WT, and G2APOL1/STING-KO mice. n = 6 mice. ***P < 0.001 vs. control; *P < 0.05, #*##P < 0.001 vs.
indicated group. Significance was determined by 1-way ANOVA and SNK post hoc test. Data are expressed as the mean + SEM.

:

effect of a potent, small molecular NLRP3 inhibitor, MCC950,
also known as CRID3 or CP-456,773 (ref. 38 and Figure 7A).
G2APOLI mice were placed on doxycycline diet alone (sham) or
doxycycline diet containing + 30.8 mg/kg (low dose), 92.4 mg/
kg (medium dose), or 308 mg/kg (high dose) MCC950 diet for 3
weeks. The inhibitor dose was determined by a pilot study based
on food consumption to achieve therapeutic drug levels. APOLI
mRNA expression following doxycycline administration was
confirmed by qRT-PCR; MCC950-treated animals exhibited

slightly higher APOLI expression, which did not reach statistical
significance (Figure 7B).

One week after the initiation of doxycycline treatment,
G2APOLI mice developed significant proteinuria (Figure 7C).
Medium and high doses of MCC950 diet reduced urine ACR by
approximately 36% (P = 0.036). Kidney function parameters,
BUN and serum creatinine (Figure 7, D and E), indicated improve-
ment in kidney function of MCC950-treated mice. The plasma
level of MCC950 was within the therapeutic range (ref. 39 and

J Clin Invest. 2021;131(20):e136329 https://doi.org/10.1172/)CI136329
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Figure 6. Pharmacological inhibition of GSDMD and STING improves kidney disease in G2APOL1 mice. (A) Experimental design: GZAPOL1 mice were

placed on doxycycline diet and treated with GSDMD inhibitor (disulfiram) or STING inhibitor (C176) or sham for 10 days. (B) Relative APOL1 transcript levels in
whole-kidney tissue of GZAPOL1 sham (only doxycycline diet; n = 6), disulfiram (n = 6), and C176 (n = 6). (C) Albuminuria (ACR) levels of control (n = 6), G2ZAPOL1
(n = 6), disulfiram-treated (n = 6), and C176-treated (n = 6) G2ZAPOLT mice. ***P < 0.001 vs. control; *P < 0.05 vs. G2ZAPOL1. (D) Serum creatinine levels of
control (n =6), G2ZAPOL1 (n = 6), disulfiram-treated (n = 6), and C176-treated (n = 6) G2ZAPOLT mice. ***P < 0.001 vs. control; ¥P < 0.05, #**P < 0.01vs. G2APOL1.
(E) BUN levels of control (n = 6), G2APOLT (n = 6), disulfiram-treated (n = 6), and C176-treated (n = 6) G2ZAPOLT mice. ***P < 0.001vs. control; *P < 0.05, *#P <
0.01vs. G2APOL1. (F) PAS-stained and Sirius red-stained kidney sections of control, G2APOL1, disulfiram-, and C176-treated G2ZAPOL1 mice. Scale bars: 30 um.
(G) Quantification of Sirius red-positive area of control, G2ZAPOLT, disulfiram-, and C176-treated G2APOLT mice. n = 6 mice per group. ***P < 0.001 vs. control;
###P < 0.001vs. indicated group. (H) Relative mRNA levels of profibrotic genes Colla1, Col3a1, Fn1, and Vim; and markers of inflammation Cc/2, Tnfa, and Cxcl2
were evaluated in the kidneys of control, G2ZAPOL1, disulfiram-, and C176-treated G2ZAPOLT mice. n = 6 mice. **P < 0.01, ***P < 0.001 vs. control; ¥P < 0.05, ##P
< 0.05, ##P < 0.001 vs. indicated group. Significance was determined by 1-way ANOVA and SNK post hoc test. Data are expressed as the mean + SEM.

J Clin Invest. 2021;131(20):e136329 https://doi.org/10.1172/)C1136329 9


https://www.jci.org
https://doi.org/10.1172/JCI136329

RESEARCH ARTICLE The Journal of Clinical Investigation

A B C 4 G2APOLIMCC 30.8 mg/kg (low)
MCC 950 0 G2APOL1 MCC 92.4 mg/kg (medium)
+ 30.8 mg/kg (low) » G2APOL1 MCC 308 mg/kg (high)
* 92.4 mg/kg (medium) o Control
T IVIORI Day 0 - 308 mg/kg (high) ~ Day 21 . = G2APOL1
| <|—|' L, b 5 80
« o £ 6of .
Day 2 Day 10 T =)
Y2 mcceso Y = D
. o %0
308 mg/kg 8 8 2 -
[ Doxycycline food < <

D E F
. o Nirp3 3 T 11b 3 16
= £ 2 g 2 L o4 e 220
) IS < # < < W, © < #
> 5 Z 6 - z 23 Tiz?¥ Z15 -
£ o o 4 x ii_ B
= 5 £ £ € olq o5 EqQ 'I' o
5 € g Q o DO g *
2 S = = 2 1 2 5 = ..“;-é °
@ o 3 K kS i E e o &
@ 2 & eo o ol -
G G2APOL1 G2APOL1 G2APOL1 I
G2APOL1 MCC 30.8 mg/kg MCC 92.4 mg/kg MCC 308 mg/kg 15
| —
()
; 2510
2l 22
: £z
28 °
0
J
E 80
2
£ , 60qeem &
25 A *kk
% § 40 _I_*** .
-
S%E 20 . 8 _?
g
<
x

O Control M
K ® G2APOL1 L
= G2APOLTMCC 308 mo/k 10 #i# G2APOL1 MCC 308 mg/k
- © 107 sus o he mg/kg
% 50 #:r# 3 o ° = 80 = G2APOL1
w40 e 3 8 °
(=3 . Hkk = c —~ 60
= 2 64 # [
2 30 T g S E
S . g M o> 40
-g 20 Jkk ° 44 *kk o] ** o %k ‘\é £
= =] =
2 0] |5 * g 2 H o ﬁ ﬁ E 1
< [0) " 2
< ir alll g © o--&. = é i = S — . . .
Day 0 Day 2 Day6 Day 10
g @
d < G
o Control
= G2APOL1
N + G2APOL1+MCC (308 mg/kg) o Nirp3 Casp1 b 16
g 60 2 K 8 ## [ 8 *de [
g 2 2 6 *kk ﬁ 6 - 2
= - < < .
) 3 40 Z P4 = <Z(
c > o [ x o
£ E £ E 4 E 4 . £
3 Z 20 2 E L 8 % E
B 3 g 2, -7F S, T %
E & 4 & @ o : K3
) 0 0-+— T T 0 T T T
»n

10 J Clin Invest. 2021;131(20):e136329 https://doi.org/10.1172/)C1136329


https://www.jci.org
https://doi.org/10.1172/JCI136329

The Journal of Clinical Investigation

Figure 7. Pharmacological inhibition of NLRP3 reduces inflammasome
signaling and improves kidney disease in G2APOL1T mice. (A) Experimen-
tal design: G2ZAPOLT mice were placed on doxycycline diet with or without
30.8 mg/kg (low), 92.4 mg/kg (medium), or 308 mg/kg (high) MCCI50
for 3 weeks. (B) Relative APOL1 transcript levels in whole kidney, n = 4.

(C) ACR at 1week on doxycycline, n = 4. *P < 0.05 vs. G2ZAPOL1 sham. (D)
BUN, (E) serum creatinine, and (F) relative transcript levels of Nirp3, Casp1,
I17b, and /16 in control (n = 3), G2ZAPOLT1 (n = 4), low (n = 4), medium (n =

4), and high dose MCC950 (n = 4). ¥P < 0.05, #*P < 0.01, ***P < 0.001 vs.
control; *P < 0.05 vs. G2APOL]1. (G) Representative PAS-stained and (H)
Sirius red-stained kidney section. Scale bars: 30 um. (1) Quantification of
Sirius red-positive area, n = 4 mice. *P < 0.05, **P < 0.01vs. G2APOLT. ())
Percentage of attenuated epithelium with casts in G2ZAPOL1 (n = 4), low
(n = 4), medium (n = 4), and high dose MCC950 (n = 4). *P < 0.05, ***P <
0.001vs. G2APOLT. (K) Relative mRNA levels of Col3al, Fn1, and Vim, and
(L) Ccl2, Tnfa, and Cxcl2 were evaluated in the kidneys of control (n = 3),
G2APOL1 (n = 4), medium (n = 4), and high dose MCCI50 (n = 4). ###p <
0.001vs. control; **P < 0.01, ***P < 0.001vs. G2ZAPOL1sham. (M) ACR in
G2APOLT mice treated with high dose MCC950 at baseline, 1, 2, 6, and 10
days on doxycycline diet (7 = 6). *P < 0.05 vs. G2ZAPOL1. (N) Serum creati-
nine levels and (0) relative transcript levels of Nirp3, Casp1, II1b, and 116 in
control, G2ZAPOLT, and high dose MCC950 (n = 6). **P < 0.01, ***P < 0.001
vs. control; #P < 0.05, #¥P < 0.01vs. indicated group. Significance was
determined by 1-way ANOVA and SNK post hoc test. Data are expressed as
the mean + SEM.

Supplemental Figure 8A). BUN inversely correlated with plasma
MCC950 concentration (Supplemental Figure 8B). Expression of
the pyroptosis machinery-related genes Nip3, Caspl, Il1b, and 1l6
was lower in kidneys of MCC950-treated mice (Figure 7F).

We next evaluated renal structural damage in sham and
MCC950-treated G2APOLI mice using PAS- and Sirius red-
stained kidney sections (Figure 7G). Markers of tubular dam-
age, such as kidney tubule epithelial casts, were lower in
MCC950-treated mice (Figure 7, I and ]). The expression of
profibrotic genes (Collal and Col3al) was noticeably lower in
MCC950-treated G2ZAPOLI mice (Figure 7K). Similarly, macro-
phage and inflammatory markers (Ccl2, Tnfa, and Cxcl2) were
lower in MCC950-treated mice (Figure 7L).

We next repeated the experiment by initiating the MCC950
treatment after the mice developed albuminuria; we posit that
this would be a clinically more meaningful scenario. Two days
after starting mice on the doxycycline-containing diet, animals
developed proteinuria: approximately 35 mg/mg (albumin/
creatinine). Mice were then started on MCC950-containing food
and were compared to mice that remained on the regular dox-
yeycline-containing diet for 10 days (Figure 7A). Albuminuria
was markedly lower in mice treated with MCC950 compared
with controls. BUN and creatinine were also lower in MCC950-
treated mice (Figure 7M). Expression of genes associated
with fibrosis and inflammation was reduced in mice receiving
MCC950 (Figure 70). Overall, our results indicated that pharma-
cological NLRP3 inhibition via MCC950 improved kidney func-
tion and structural parameters in G2APOLI mice, even after albu-
minuria development, indicating its therapeutic potential.

Increase in podocyte NLRP3 and inflammasome expression in
APOLI high-risk individuals. To determine whether inflammasome
signaling plays a role in APOLI-associated kidney disease devel-
opment in patients, we performed an unbiased RNA-sequencing
analysis of microdissected glomeruli isolated from 427 human
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kidney samples (Figure 8A). The demographics of these patients
are shown in Supplemental Table 1. It has been difficult to compare
low- and high-risk APOLI genotype patient samples due to their
relative low sample numbers (40). In addition, high-risk-genotype
patients usually present with more severe disease, confounding
the results (7, 40). Therefore, we opted to identify genes whose
expression correlates with glomerular APOLI levels (Figure 8A),
as APOLI expression plays a key role in disease severity.

As reported by previous studies, APOLI expression in glom-
eruli inversely correlated with estimated glomerular filtration rate
(eGFR), such that expression was higher in human kidney tissue
from individuals with lower eGFR (Figure 8B). Consistent with
the in vitro podocyte data, expression of STAT]I, the key transcrip-
tion factor in the IFN-y signaling pathway, strongly and positively
correlated with APOLI amount, indicating that STATI (and IFN
signaling) is a key regulator of APOLI in human kidney samples.

We observed that expression of genes in the inflammasome
pathway, including GSDMD, CASPI1 (caspase-1), CASP4, and
CASP5 (Figure 8, C-F; CASP4 and CASP5 not shown), and genes
in the cytosolic nucleotide sensing pathway, including STING,
¢GAS, and TBKI (Figure 8, G-1), strongly correlated with APOLI
expression, suggesting a strong relationship between APOLI
expression and inflammasome/STING signaling in human kid-
ney glomeruli. APOL1 protein expression showed good correla-
tion with APOLI mRNA expression in human kidney samples
(Supplemental Figure 9A).

Furthermore, immunostaining studies of APOLI high-risk-
genotype kidneys of patients with normal and reduced eGFR
showed a marked increase in NLRP3 expression in kidneys of
high-risk CKD patients (Figure 8]). Dual immunofluorescence
analysis to localize NLRP3 and kidney cell markers, include stain-
ing for podocalyxin (to mark podocytes), CD31 (for endothelial
cells), Lotus tetragonolobus lectin (for proximal tubule cells), and
CD11b (for myeloid cells) confirmed that the increase in NLRP3
expression is mainly located in podocytes of diseased kidney sam-
ples of patients (Figure 8] and Supplemental Figure 9B). Podocyte
expression of NLPR3 mRNA in high-risk CKD patients was further
validated by in situ hybridization (Figure 8K). In summary, we
found a strong correlation between APOLI and inflammasome/
STING signaling in patient samples, indicating the clinical rele-
vance of our observations.

Discussion

APOLI genetic variants could explain almost all excess renal dis-
ease among African Americans (3, 41). Furthermore, the effect
size (~2- to 80-fold) of APOLI risk variants on kidney disease
development is higher than any other observed complex trait vari-
ants. APOLI variants have been associated with different forms of
kidney disease, including HIV-associated nephropathy, focal seg-
mental glomerulosclerosis, sickle cell nephropathy, lupus nephri-
tis, and hypertensive kidney disease (42-45). Given the substan-
tial impact of APOLI variants in kidney disease development, the
identification of new therapeutic targets is of key importance.

In addition to genetic variants, environmental factors are crit-
ically important for disease development (46). HIV-1 and SARS-
Cov-2 infections, IFN treatment, inflammation, and elevated
soluble urokinase-type plasminogen activator receptor (SuPAR)
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Figure 8. Increase in podocyte NLRP3 and inflammasome expression in APOL1 high-risk patients. (A) We analyzed RNA-sequencing data from 427
microdissected human kidney glomeruli and correlated transcript level with APOLT expression. (B) Relative APOL1 expression (y axis) and eGFR (x axis) in
glomeruli isolated from 427 individual kidney samples (Pearson’s correlation). (C-1) Relative transcript expression (y axis) of IFI16 (C), STAT1 (D), CASP1 (E),
GSDMD (F), STING (G), cGAS (H), and TBK1 (1) and APOL1 expression (x axis) in glomeruli isolated from 427 individual kidney samples (Pearson’s correlation
and P values shown). (J) Representative immunofluorescence staining of NLRP3 (red) and podocalyxin (green), and DAPI staining (blue) in kidney samples
of APOL1 high-risk control and CKD patients. Scale bars: 30 um. (K) Representative images of NLRP3 in situ hybridization in kidney of APOL1 high-risk
control and CKD patients. The red arrows indicate the expression of APOLT mRNA. Scale bars: 30 um. Student’s t test based on Pearson’s correlation coef-
ficient was used to calculate the statistical significance of the association.
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levels (47) have been shown to strongly predict kidney disease
development in individuals with a high-risk APOLI genotype.
All these factors are associated with elevated APOLI levels, sup-
porting the working hypothesis that APOL1 dose is the trigger or
second hit to disease development. Recently, antisense oligonu-
cleotide-based lowering of APOLI expression has shown promise
in a mouse model (17), confirming the crucial role of APOL1 dose
in podocytes in disease development. Taking advantage of this
information, we believe that the urinary podocyte system could
be a valuable new screening tool (7, 32). This system tests the
risk-variant effect on a susceptible, naturally occurring genetic
background. APOLI is a recently evolved gene with many coding
variations (in addition to G1 and G2) that could also be import-
ant for cytotoxicity. It also does not require artificial genetic
overexpression. Furthermore, it recapitulated the dose-depen-
dent cytotoxicity induced by the risk variant. IFN administration
was associated with dose-dependent necrosis, which was more
severe in high-risk podocytes. Consistent with previous reports,
we observed that at higher levels, the APOLI reference allele was
associated with cytotoxicity (33).

Here, using mouse models, patient samples, and in vitro-
cultured cells, we defined mechanisms mediating APOL1-induced
cytotoxicity, and provide avenues for potential therapeutic target-
ing. We observed the activation of a variety of key proteins in the
cytosolic nucleotide sensing pathway (STING) and inflammasome
(NLRP3, caspase-1, and GSDMD) when we analyzed glomeruli
only 3 days after doxycycline-induced expression of risk-variant
APOLI. Activation of the cytosolic nucleotide sensors and inflam-
masome was also observed in cultured podocytes and in cell lines
with transient overexpression of risk-variant APOLI. The consis-
tent activation and involvement of the NLRP3 inflammasome sug-
gests that the cytotoxicity was mediated by pyroptosis, a form of
regulated necrosis (48). Functional studies including cytotoxicity
experiments confirmed the key role of NLRP3 and caspase-1, con-
sistent with our in vivo findings.

STING and the NLRP3 inflammasome have been shown
to play a role in tubule cells of the kidney in unilateral ureteral
obstruction (49), adenine-induced tubulointerstitial nephritis
(50), and remnant kidney (5/6 nephrectomy; ref. 51) models. In
addition, NLRP3 inflammasome activation has been reported in
lupus-prone mice and patients with lupus (52), indicating that the
NLRP3 inflammasome might be a common downstream factor in
avariety of injury models. Multiple pathways contribute to the acti-
vation of STING and NLRP3. Recent reports indicate that APOL1
functions as a cation channel in podocytes; however, no major dif-
ference in ion channel activity of risk and reference APOLI was
observed. Difference in APOLL1 activity was mostly explained by
intracellular trafficking, which plays a key role in channel activa-
tion (16, 21, 34). Consistently, we observed an increase in intracel-
lular calcium levels in IFN-y-treated podocytes. Intracellular cal-
cium seems to play a critical upstream role in NLRP3 activation,
as the chelation of intracellular calcium protects from cytotoxic-
ity and NLRP3 activation (53). Most importantly, we observed a
defect in intracellular trafficking, including autophagy which led
to a defect in mitophagy (7). Defective mitophagy resulted in accu-
mulation of defective mitochondria, including the release of mito-
chondrial DNA into the cytosol. Cytosolic mitochondrial DNA is
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a strong activator of cytosolic nucleotide sensors such as STING.
Downstream of STING is TBK, IRF3, IRF7, and proinflammatory
cytokine release. Future studies shall determine the exact mecha-
nism of NLRP3 activation in podocytes.

Our studies using mice with genetic deletion of Nirp3 and a
potent small molecular inhibitor (38) of NLRP3 indicate the key
role of the inflammasome in APOLI-mediated kidney disease
development. The effect of genetic knockdown was more robust
than the effect of the small molecular inhibitor. This might
be due to the timing of administration, tissue penetration, or
inhibitor dose, as shown by measuring free circulating inhibitor
concentration. Nevertheless, administration of MCC950 even
after the development of the albuminuria led to reduction in
albuminuria, as well as improvements in functional parameters
(creatinine and BUN) and structural changes (fibrosis and glo-
merulosclerosis). Inhibitors of STING and GSDMD show similar
therapeutic promise, and their dosing should be tested in future
pharmacologic studies.

Although the crucial role of APOLI in the development of
kidney disease has been extensively studied during the past
decade, therapeutic development for APOLI-associated kidney
disease has been difficult. Our results could have a broad thera-
peutic implication. At present, all clinical studies target APOLI
expression or APOL1 channel function. Given the key role of
APOL1 in protecting against trypanosomiasis, these drugs could
have very significant side effects in areas where trypanosomi-
asis is endemic. Our studies highlight an alternative mode for
APOLI targeting by blocking NLRP3, GSDMD, or STING. These
are highly targetable pathways, as selective STING, caspase-1
(54), caspase-11, and GSDMD inhibitors have been developed.
Antibodies that neutralize the downstream cytokine IL-1,
such as anakinra (55) and canakinumab (56), have already been
approved for the treatment of various autoimmune conditions.
In addition, an APOL1 pore blocker or antisense oligonucle-
otide will interfere with early disease. Disease-driving pathways
might be different at later stages. Our work suggests that NLRP3
and STING will intervene at later stages of disease progression.
Targeting both early and late pathways could offer important
combination therapeutic opportunities. Future clinical studies
will determine the effect of NLRP3, STING, and GSDMD in
kidney disease development, but nevertheless our studies high-
light an immediately translatable strategy.

An important limitation of our study is that the APOLI gene
is missing from the mouse genome, making it is unlikely that a
single animal model will reflect the full spectrum of cytotoxic
pathways and renal phenotypes seen in humans. Here, we com-
pared humanized mice expressing a reference allele to those
expressing a risk variant. Our previous studies highlighted that
the model recapitulates kidney function changes (albuminuria,
eGFR), histological changes (global and segmental sclerosis and
fibrosis), and gene expression changes observed in patients. In
addition, while the disease course appears rapid in mice, recent
reports indicate a similar disease course in high-risk-APOLI
individuals following SARS-CoV-2 infection (57) or high-risk
individuals following IFN injection (18).

In summary, our data demonstrate the activation of STING
and the NLRP3 inflammasome in APOLI-mediated kidney dis-
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ease. These studies suggest a key role of NLRP3 in mediating
podocyte cytotoxicity by pyroptosis and the potential therapeutic
targeting of this pathway in the treatment of APOLI-associated
kidney disease.

Methods

Antibodies and reagents. Primary antibodies against the follow-
ing proteins were used: APOL1 (Proteintech, 66124-1-Ig; Western
blot [WB] 1:1000); mouse caspase-1 (Santa Cruz Biotechnology,
$€56036; WB 1:500; immunohistochemistry [IHC] 1:250); mouse
caspase-1 (AdipoGen, AG-20B-0042-C100; WB 1:500, used only
in Figure 1); human cleaved caspase-1 (Cell Signaling Technology
[CST], 4199; WB 1:1000); cleaved caspase-3 (CST, 9664; WB 1:500;
IHC 1:250); caspase-9 (Abcam, 25758; WB 1:1000); caspase-11
(Abcam, 180673; WB 1:1000); GAPDH (CST, 2118; WB 1:5000);
GSDMD (Abcam, 219800; WB 1:1000), GSDMD (Sigma-Aldrich,
G7422; WB 1:1000); GFP (Clontech, 632380; WB 1:5000); LC3II
(CST, 2775; WB 1:1000), NLRP3 (CST, 15101; WB 1:500); NLRP3
(Novus, NBP2-12446; THC 1:40, immunofluorescence [IF] 1:100),
NLRP3 (AdipoGen, AG-20B-0014C; WB 1:1000); podocalyxin
(R&D Systems, MAP1658; IF 1:100), tubulin (Sigma-Aldrich, T6199;
WB 1:1000); STING (CST, 13647S; WB 1:1000); phosphorylated
STING (CST, 19781S; WB 1:1000); TBK1 (CST, 3504S; WB 1:1000);
phosphorylated TBK1 (CST, 5483; WB 1:1000); IRF3 (CST, 11904T;
WB 1:1000); phosphorylated IRF3 (CST, 37829; WB 1:1000); CD31
(Abcam, 24590; IF 1:50), and CD11b (CST, 49420; IF 1:50). The fol-
lowing secondary antibodies were used for IF analysis: donkey anti-
rabbit IgG (H+L), Alexa Fluor 555 (Invitrogen, A31572; IF 1:500) and
chicken anti-mouse IgG (H+L), Alexa Fluor 488 (Invitrogen, 21200;
IF 1:1000). The following reagents were used: Lotus tetragonolobus
lectin, Fluorescein (Vector, FL-1321; IF 1:800); FBS (Atlanta Bio-
logicals); DMEM 1x (Cellgro); G418 50 mg/mL (UPenn Cell Cen-
ter Services); MEM Eagle (Sigma-Aldrich); penicillin-streptomycin
(Cellgro); insulin-transferrin-selenium (ITS) (Cellgro); RPMI 1640
(Cellgro); and Tet system-approved FBS (Clontech). The following
inhibitors were used: C176 (MedChemExpress, 1 uM); RU.521 (Invi-
vogen, 4 uM); chloroquine (Sigma-Aldrich, 25 uM); 7-Cl-O-Necl
(Abcam, 25 uM); Liproxstatin-1 (Tocris, 0.5 pM); MCC950 (Invivo-
gen, 50 uM); rapamycin (LC Laboratories, 10 ng/mL); SB203580
(Tocris, 10 uM); STF62247 (Cayman Chemicals, 0.5 uM); VX765
(Toronto Research Chemicals, 10 uM); Z-LEHD-FMK (R&D Sys-
tems, 10 uM); and ZVAD-FMK (Promega, 10 uM).

Mouse studies. TRE-APOL1 mice were generated as previously
described (7). Briefly, APOL1 (GO/G2) cDNAs were cloned into the
pBI-EGFP vector containing a tetracycline response element (TRE).
The transgenic construct was injected into FVB/N oocytes.

B6.129S6-Nlrp3™®hk /T (Nlrp3 KO; ref. 36) (stock no. 21302),
B6(Cg)-Stingl™-2camb /T (STING KO) (stock no. 025805), and
C57BL/6N-Gsdmde™***/] (Gsdmd KO) (stock no. 032410) mice were
obtained from The Jackson Laboratory (JAX), backcrossed with
APOL1 FvB mice for 5 generations, and genotyped according to JAX
genotyping protocols. Nirp3-KO, STING-KO, and Gsdmd-KO mice
appear normal and are viable and fertile. Nlrp3-KO, STING-KO,
and Gsdmd-KO mice were crossed with Nphsl-rtTA/TREGOAPOLI
(7) to generate littermate Nlrp3-KO NphslrtTA/TREG2APOLI and
Nlrp3-WT NphslrtTA/TREG2APOL1 mice; littermate STING-KO
NphsirtTA/TREG2APOLI and STING-KO NphslrtTA/TREG2APOLI
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mice; and littermate Gsdmd-KO NphslrtTA/TREG2APOLI and Gsd-
md-KO NphslrtTA/TREG2APOLI mice. At 4 weeks of age, APOLI
transgene expression was induced with doxycycline-containing food
(200 mg/kg, Bio-Serv). Littermate mice were used for all experiments.

For NLRP3 inhibitor studies, NphsI-rtTA/TREG2APOLI (7) mice
were divided into 4 groups. At 7 weeks of age, one group of mice
received doxycycline diet only, while the other 3 groups received 30.8
mg/kg, 92.4 mg/kg, and 308 mg/kg MCC950 mixed with the doxycy-
cline diet. MCC950 inhibitor was provided by Boehringer Ingelheim
Pharmaceuticals, Inc. All groups of mice were provided with food and
water ad libitum and monitored daily for 3 weeks.

Mice were injected intraperitoneally with disulfiram (50 mg/kg,
Cayman) or C176 (750 nmol per mouse, Bio Vision) or DMSO dis-
solved in 85 pL corn oil daily. All mice were provided with food and
water ad libitum and monitored for 10 days.

Mouse phenotype analysis. Urine albumin and creatinine levels
were determined using mouse albumin-specific ELISA (Bethyl Labo-
ratories) and creatinine reagent set (Pointe Scientific), per the manu-
facturers’ protocols. BUN was determined by the TRACE DMA Urea
kit (Thermo Electron Corporation).

Podocyte cell culture and transfection. Transformed low-risk (GO/
GO) and high-risk (G1/G2) HUPECs were generated as previously
described (7, 32). HUPECs were cultured in RPMI 1640 supplemented
with 10% FBS, 1% ITS, and 1% penicillin-streptomycin at 33°C.

Cytotoxicity assays. HUPECs were plated in 96-well plates and
treated with 2 ng/mL recombinant human IFN-y (Peprotech) with or
without inhibitors for 24 hours. The supernatant was used to quanti-
fy LDH release as a measure of cytotoxicity with a CytoTox 96 Non-
Radioactive Cytotoxicity Assay (Promega), as described previously
(7). Cells were treated with a solution containing 3 uM calcein (Invi-
trogen) and 3 puM propidium iodide (PI) (Invitrogen) in PBS for 30
minutes at 37°C. The plate was read at 485 nm/535 nm for calcein, and
then at 530 nm/620 nm for PI.

Calcium measurements. HUPECs (GO/GO or G1/G2) were plated
in 96-well plates and prepared for Ca®>* measurement using a modi-
fied protocol from PromoCell (PK-CA707-50029). Upon reaching
70% confluence, cells were serum starved overnight in RPMI and
0.2% FBS with 1% penicillin-streptomycin. Cells were loaded with 2.5
uM FURA-2 AM diluted in Hank’s balanced salt solution with HEPES
(HBSS-HEPES) (Gibco) for 30 minutes at 33°C. Cells were washed
with HBSS-HEPES and incubated in the same buffer for 45 minutes
at 33°C. HUPECs were then treated with vehicle or 0.2 ng/mL, 2 ng/
mL, or 20 ng/mL recombinant human IFN-y in HBSS-HEPES (6 wells
per treatment). At 8 hours following IFN-y treatment, one set of cells
was treated with 20 pM ionomycin for 30 seconds as a positive con-
trol. The FURA-2 fluorescence was measured at 37°C with excitation
at 340 and 380 nm and emission at 500 nm. The F,, /F, . ratio was
recorded as a measure of intracellular calcium.

Calcineurin phosphatase activity assay. Calcineurin activity in
cultured HUPECs was analyzed with the Biomol Calcineurin Cellu-
lar Activity Assay kit (Abcam, ab139464) according to the manufac-
turer’s instructions.

Mitochondrial membrane potential measurement. Mitochondrial
membrane potential (Aym) was measured according to the manu-
facturer’s instructions (Invitrogen, T3168). Briefly, cells were washed
twice with PBS and then incubated with 5 pg/mL JC-1 for 10 minutes
at 37°C and 5% CO,. After washing with PBS twice, the cells were ana-
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lyzed for mitochondrial membrane potential by measuring the green/
red ratio in an inverted fluorescence microscope (Nikon).

Oxygen consumption measurements. For real-time measurement of
the extracellular acidification rate (ECAR) and oxygen consumption
rate (OCR), HUPECs were analyzed using an XF-96 Extracellular
Flux Analyzer (Seahorse Bioscience). In brief, HUPECs were plated in
XF-96 cell culture plates (7 x 10* cells/well in 70 pL) and either left
unstimulated or stimulated with IFN-y. At the indicated time points,
HUPECs were washed and analyzed in XF Running Buffer per the
manufacturer’s instructions to obtain real-time measurements of OCR
and ECAR. Where indicated, ECAR and/or OCR were analyzed in
response to 1 uM oligomycin, 1.5 uM fluoro-carbonyl cyanide phenyl-
hydrazone (FCCP), and 100 nM rotenone plus 1uM antimycin A.

Subcellular fractionation. Quantification of mitochondrial DNA
in the cytosolic fraction was adapted from Lauren et al. (58) as fol-
lows: Briefly, cells were lysed by mild digitonin buffer containing
150 mM NaCl, 50 mM HEPES pH 7.4, 25 pg/mL digitonin (EMD
Chemicals), protease and phosphatase inhibitors, and incubated on
ice for 10 minutes followed by centrifugation at 2000g and 4°C for
10 minutes. Supernatants were centrifuged 3 times at 17,000g and
4°C for 10 minutes to yield the cytosolic fraction free of nuclear and
mitochondrial contamination.

The pellet from the first spin was washed and resuspended in
NP-40 buffer containing 150 mM NaCl, 50 mM HEPES pH 7.4, 1%
NP-40, protease and phosphatase inhibitors, and incubated on ice
for 30 minutes followed by centrifugation at 7000g and 4°C for 10
minutes to yield the crude mitochondrial fraction (supernatant) and
nuclear fraction (pellet). DNA was then isolated from these pure
cytosolic and nuclear fractions using a DNeasy Blood and Tissue kit
(QIAGEN). qRT-PCR was performed on the cytosolic and nuclear
fractions using nuclear DNA primer RPL13A and mitochondrial DNA
primer mtCO1. The C, values for RPL13A obtained from the respective
nuclear fraction served as normalization controls.

Protein extraction and Western blotting. All solutions, tubes, and
centrifuges were maintained at 4°C. RIPA buffer (Cell Signaling Tech-
nology, 9806) with 1% SDS and protease cocktail (Complete Mini,
Roche) was used to extract total protein lysates from tissues or cells
according to the manufacturer’s instructions. Protein concentrations
were measured using a BCA protein assay (Pierce, 23225). Whole-
cell lysates (75 pg of protein) were heated (95°C) for 10 minutes in
Laemmli sample buffer (Bio-Rad). Proteins were then separated by
polyacrylamide gel electrophoresis in acrylamide gels (8%-15%) and
transferred using a Bio-Rad Western system to nitrocellulose (Bio-
Rad) membranes. Transferred blots were blocked for 1 hour in 5%
nonfat milk in Tris-buffered saline. Membranes were incubated with
specific primary antibodies at 4°C overnight, followed by incuba-
tion with a horseradish peroxidase-conjugated anti-mouse antibody
(1:5000) or anti-rabbit antibody (1:5000) at 25°C for 1 hour. Resulting
immunoblots were visualized using ECL Western Blotting Substrate
(Pierce) in a LI-COR chemiluminescence imager (LI-COR), according
to the manufacturers’ instructions.

Glomerular isolation. Glomerular isolation was performed as
described previously (59). Briefly, mice were euthanized and per-
fused through the heart with 150 pL of Dynabeads (Thermo Fisher
Scientific, M-450) diluted in 30 mL of HBSS (Thermo Fisher Sci-
entific). The kidneys were removed, minced, and digested in col-
lagenase (1 mg/mL collagenase A, 100 U/mL deoxyribonuclease I
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in HBSS) at 37°C for 30 minutes with gentle agitation. The reaction
was stopped by adding 10% FBS to the mixture. The collagenase-
digested tissue was passed through a 100-um cell strainer using a
flattened pestle, and the cell strainer was then washed with 5 mL
of HBSS. The cell suspension was then centrifuged at 1000 rpm
for 5 minutes, and the cell pellet was resuspended in 2 mL of HBSS.
Glomeruli containing Dynabeads were collected using a magnetic
particle concentrator (Olympus) and washed at least 3 times with
HBSS. The resulting glomeruli were lysed with RIPA/SDS lysis
buffer, and the protein concentration was estimated as described
above. Twenty micrograms of protein per sample was prepared for
Western blotting by heating in Laemmli buffer.

Histological analysis. For histological analysis, kidneys were
fixed in 4% paraformaldehyde overnight, dehydrated, embedded
into paraffin blocks, and sectioned onto glass slides. Sections were
stained with PAS for histological analysis. Sirius red staining was
performed to determine the degree of fibrosis. Immunohistochem-
ical and immunofluorescence analyses were performed to visualize
the expression of proteins in the kidney. Briefly, paraffin-embed-
ded sections were deparaffinized, rehydrated, and incubated with
indicated primary antibodies. For immunohistochemical analysis,
samples were visualized using diaminobenzidine (DAB) substrate,
and further counterstained with hematoxylin. For immunofluores-
cence, slides were incubated with fluorescently conjugated secondary
antibodies, counterstained, and mounted with DAPI (nuclear stain).
For visualizing mRNA expression in tissues using in situ hybridiza-
tion, paraffin-embedded tissue samples were processed using an
RNAscope 2.5 HD Duplex Detection Kit (Advanced Cell Diagnostics,
322436). The Hs-APOL1 (Advanced Cell Diagnostics, 459791-C)
probe was used for the APOLI RNAscope assay.

RNA extraction and qRT-PCR. RNA was isolated from mouse
kidney using TRIzol reagent (Invitrogen), as described previously
(37). RNA was transcribed into cDNA using a cDNA Archival Kit (Life
Technologies). qRT-PCR reactions were carried out with ¢cDNA in
a 384-well plate with 2x SYBR Green dye (Applied Biosystems) and
gene-specific primer pairs (Supplemental Table 2) using the ViiA 7
System (Life Technologies). The data were normalized and analyzed
using the AAC, method with HPRT as the reference gene. The primers
used are listed in Supplemental Table 2.

Mouse and human kidney RNA sequencing data. Gene expression
changes were reanalyzed from previously published mouse kidney
RNA sequencing (7) and microdissected human kidney RNA sequenc-
ing data (37).

Plasma MCC950 measurements. Plasma samples were subjected
to plasma protein precipitation with acetonitrile/methanol (1:1) in the
96-well plate format and analyzed by liquid chromatography coupled
with tandem mass spectrometry (LC-MS/MS). The AB Sciex 6500+
triple quadrupole mass spectrometer equipped with a RapidFire sam-
ple injector was operated in the positive ion mode. The lower limit of
quantification was 25 nmol/L.

Statistics. Data are expressed as mean * SEM. Unless noted other-
wise, statistical significance was determined by 1-way analysis of vari-
ance (ANOVA) and Student-Newman-Keuls (SNK) post hoc test for
multiple comparisons. Differences between 2 groups were analyzed
using Student’s 2-tailed ¢ test with unequal variance. A P value of less
than 0.05 was considered significant. We did not perform analyses
to predetermine sample sizes. Rather, the sample sizes were chosen
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empirically based on our previous experience in the calculation of
experimental variability. The numbers of animals used are specified
in corresponding figure legends. All experiments were performed with
at least 3 biological replicates.

Study approval. Human kidney samples were procured with
approval from the Institutional Review Board (IRB) of the University
of Pennsylvania.

For mouse studies, the protocol for all mice used in this study was
approved by the Institutional Animal Care and Use Committee at the
University of Pennsylvania.
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