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Accepted for publication

October 20, 2015. Dysregulated growth and loss of podocytes are important features of HIV-associated nephropathy.

Recently, HIV was reported to induce a new type of programed cell death, pyroptosis, in
T lymphocytes through induction of Nod-like receptor protein 3 (NLRP3) inflammasome complexes.
We evaluated the role of HIV in podocyte NLRP3 inflammasome formation both in vivo and in vitro.
Renal cortical sections of HIV-transgenic mice (Tg26) displayed increased expression of NLRP3, ASC
(a CARD protein), caspase-1, and IL-1pB proteins, confirming NLRP3 inflammasome complex formation
in podocytes of Tg26 mice. Renal tissues of Tg26 mice also displayed enhanced mRNA levels and
protein expressions of inflammasome markers (NLRP3, ASC, and caspase-1, and IL-1B). Serum of Tg26
mice also showed elevated concentrations of IL-1B cytokine compared with FVBN mice. HIV induced
pyroptosis in a dose- and time-dependent manner within podocytes, a phenotype of inflammasome
activation. Caspase-1 inhibitor not only attenuated podocyte expression of caspase-1 and IL-1p but
also provided protection against pyroptosis, suggesting that HIV-induced podocyte injury was
mediated by caspase-1 activation. Interestingly, HIV-induced podocyte pyroptosis could be partially
inhibited by Tempol (a superoxide dismutase-mimetic agent) and by glyburide (an inhibitor of
potassium efflux). These findings suggest that generation of reactive oxygen species and potassium
efflux contribute to HIV-induced pyroptosis and NLRP3 inflammasome activation in podocytes.
(Am J Pathol 2016, 186: 347—358; http://dx.doi.org/10.1016/j.ajpath.2015.10.002)
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Podocytes are highly specialized cells that play a key role in
the pathogenesis of focal segmental glomerulosclerosis and
its variants, frequently encountered glomerular lesions in
HIV-associated nephropathy (HIVAN).' They are a critical
component of the glomerular filtration barrier and constitute
slit diaphragm to limit passage of plasma proteins into the
urinary space." The absence of podocyte regeneration after
cell injury is a major limitation in recovery from proteinuric
kidney diseases. Accordingly, interventions that modulate the
severity of podocyte injury offer a novel approach to preserve
the integrity and permselectivity of the glomerular filtration
barrier. On that account, varieties of therapeutic strategies are
used to preserve the integrity of podocytes both in cellular
and in animal models of kidney cell injuries.”

Copyright © 2016 American Society for Investigative Pathology.
Published by Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.ajpath.2015.10.002

Pattern recognition receptors play a cardinal role in
maintenance of pathogen-associated molecular patterns and
damage-associated molecular patterns, responsive host innate
system.”’ Pathogen-associated molecular patterns use spe-
cific receptors, including Toll-like receptors, C-type lectin
receptors, retinoic acid-inducible gene I-like receptors, and
nucleotide oligomerization domain (Nod)-like receptors
(NLRs).*7 Several pathogens, including bacteria and
viruses, were found to interact with NLRs and lead to the
formation of NOD-like receptor protein (NLRP)-associated
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multiprotein complexes or inflammasomes.”* "' NLRP3
inflammasome complex is one of the most commonly formed
inflammasomes in response to pathogen-associated/damage-
associated molecular patterns.” NLRPs act as the sensing
components in these complexes. Encounter of a damage-
associated molecular pattern or pathogen-associated molec-
ular pattern signal by NLRP3s triggers the assembly of
multicomponent protein platform, including NLRP, ASC
(an apoptosis-associated speck-like protein containing CARD
and PYD domains), and caspase-1 components.”® Although
the cytokines such as IL-1p and IL-18 are usually transcribed
via Toll-like receptor—NF-kB signaling, they remain inert
precursors and are activated by caspase-1, a component of the
inflammasomes. "’

Transforming growth factor (TGF)-3 was shown to play an
important role in the development of kidney disease in gen-
eral and HIVAN in particular.'” ' Patients with African
American ancestry are prone to develop HIVAN.'” Currently,
this disparity was attributed to the presence of APOLI1 vari-
ants in this population.'®'” However, the susceptibility to
develop kidney disease in the past was attributed to higher
amounts of circulating TGF-B concentrations in this popu-
lation."® Because IL-1B was reported to stimulate kidney cell
TGF-B production,'” we speculate that HIV-induced activa-
tion of NLRs led to the formation of inflammasome com-
plexes, which promoted generation of TGF-f3 in HIVAN.

HIV-1 infection was reported to induce NLRP3 mRNA
expression in monocyte-derived dendritic cells,”” and
NLRP3 is associated with susceptibility to HIV-1 infec-
tion.”” Recently, inflammasome formation was reported to
be the major contributor to HIV-induced cell death in T
lymphocytes.”' Because HIV-induced podocyte death was
reported to play an important role in the development and
progression of HIVAN,”” we asked whether HIV is also
promoting inflammasome formation in HIVAN.

In the present study, we observed that HIV-1 promoted
IL-1pB production and caspase-1 activation in kidney cells of
HIVAN mice. In in vitro studies HIV enhanced protein
expression of molecules that were involved in the formation of
NLRP3 inflammasome complex and promoted IL-1B pro-
duction. HIV promoted pyroptosis in podocytes which was
inhibited by a caspase-1 inhibitor, an antioxidant (Tempol),
and an inhibition of potassium efflux (NLRP3 inhibitor).

Materials and Methods
Animal Strains (FVBN and Tg26 Mice)

Age- and sex-matched FVBN (control) and HIV-transgenic
(Tg26; on FVBN background) mice were used for this study.
Breeding pairs of FVBN mice were obtained from The
Jackson Laboratories (Bar Harbor, ME). Breeding pairs to
develop Tg26 colonies were kindly gifted by Prof. Paul E.
Klotman (Baylor College of Medicine, Houston, TX).
The Tg26 transgenic animal carries the proviral transgene,
pNL4-3:d1443, which encodes all of the HIV-1 genes except
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gag and pol; therefore, these mice are noninfectious. We are
maintaining colonies of these mice in our animal facility. For
genotyping, tail tips were clipped, DNA was isolated, and
PCR studies were performed with the use of the following
primers for Tg26: HIV-Forward, 5'-ACATGAGCAGT-
CAGTTCTGCCGCAGAC-3', and HIV-Reverse, 5'-CAAG-
GACTCTGATGCGCAGGTGTG-3'. The Ethics Review
Committee for Animal Experimentation of Long Island
Jewish Medical Center approved the experimental protocol.

Preparation of Human Podocytes

Human podocytes (LY 8 + 13 cell line) were obtained from
Dr. Moin A. Saleem (University of Bristol, Southmead
Hospital, Bristol, UK). Human podocytes were conditionally
immortalized by introducing temperature-sensitive SV40-T
antigen by transfection.”” In addition, the cells were trans-
fected with a human telomerase construct. These cells pro-
liferate at permissive temperature (33°C) and enter growth
arrest after transfer to the nonpermissive temperature (37°C).
The growth medium contained RPMI 1640, supplemented
with 10% fetal bovine serum, 1x Pen-Strep, 1 mmol/L
L-glutamine, and 1x Insulin, Transferrin, Selenium (Invi-
trogen; Carlsbad, CA) to promote expression of T antigen.

Production of Pseudotyped Retroviral Supernatant Fluid

Replication defective viral supernatant fluids were prepared as
published previously.”” In brief, green fluorescent protein
(GFP) reporter gene (from pEGFP-C1; Clontech, Palo Alto,
CA) was substituted for gag/pol genes in HIV-1 proviral
construct pNL4-3. This parental construct (pNL4-3:AG/
P-GFP) was used to produce VSV.G-pseudotyped viruses to
provide pleiotropism and high-titer virus stocks. Infectious
viral supernatant fluids were produced by the transient trans-
fection of 293T cells with the use of effectene (Qiagen Inc.,
Valencia, CA) according to the manufacturer’s instructions.
The HIV-1 gag/pol and VSV.G envelope genes were provided
in trans with the use of pCMV R8.91 and pMD.G plasmids,
respectively (gifts of Dr. Didier Trono, Salk Institute, La Jolla,
CA). As a negative control, virus was also produced from
pHR-CMV-IRES2-GFP-AB, which contained HIV-1 long
terminal repeats and GFP expression vector (V). The viral
stocks were titrated by infecting HeLa tat cells with 10-fold
serial dilution as reported previously.”” The reciprocal of the
lowest dilution showing expression of GFP was defined as
GFP-expressing units per milliliter. Viral stocks that ranged
from 10° to 10° GFP-expressing units/mL were used.

Morphologic Assay for Pyroptosis

Pyroptosis is characterized by condensed nuclei and in-
duction of pore formation in cytoplasmic membrane.”* To
differentiate between types of cell death, we performed
morphologic assay of control and experimental cells with
the use of Hoechst 33342 to label nuclei in normal cells
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(normal fluorescence, blue) or apoptosed cells (bright fluo-
rescence by fragmented and/or condensed nuclei) and pro-
pidium iodide (PI) to label nuclei (pink) in cells with large
cytoplasmic pores (pyroptosis and necrosis). This double
staining allowed us to identify normal cells (normal fluo-
rescence by Hoechst-stained nuclei), apoptosed cells (bright
fluorescence by Hoechst-stained condensed nuclei), pyrop-
tosed cells (Pl-stained condensed or fragmented pink
nuclei), necrosed cells (swollen cells with Pl-stained large
pink nuclei). Hoechst and PI staining was performed for
morphologic assay of cell death in control and experimental
cells. In brief, after required treatments, culture medium was
removed, and fresh medium that contained 10 pg/mL
Hoechst 33342 was added for 10 minutes at 37°C. Then, PI
stain was added and kept on ice for 10 minutes. Images of
the stained cells were captured immediately after staining
with a Zeiss microscope (Carl Zeiss Micro-Imaging, Jena,
Germany) equipped with a digital imaging system. Pyrop-
tosed cells were counted in eight fields by two investigators
unaware of the experimental conditions. Percentage of
pyroptosed cells was calculated.

Immunohistochemical Studies of Mice Kidney Tissues

Renal cortical sections from FVBN (control) and Tg26 mice
were de-paraffinized, and antigen retrieval was performed in
a double boiler system. The endogenous peroxidase was
blocked with 0.3% hydrogen peroxide in methanol for 30
minutes at room temperature. Sections were washed in
phosphate-buffered saline (PBS) thrice and incubated in
avidin and biotin blocking solution and then in blocking
serum solution for 60 minutes at room temperature, fol-
lowed by incubation with primary antibodies against either
Cryopyrin/NLRP3 (sc-66846; Santa Cruz Biotechnology,
Santa Cruz, CA), ASC (sc-22514-R; Santa Cruz Biotech-
nology), caspase-1 (sc-560360; Santa Cruz Biotechnology),
or IL-1PB (sc-7954; Santa Cruz Biotechnology) for overnight
at 4°C in a moist chamber. Each of the sections were
washed thrice with PBS and incubated with appropriate
secondary antibody at 1:250 dilutions at room temperature
for 1 hour. After washing with PBS three times, sections
were incubated in ABC reagent (Vector Laboratories,
Burlingame, CA) for one-half hour. Sections were washed
thrice in PBS and then placed in Nova Red/hydrogen
peroxide solution, counterstained with methyl green, dehy-
drated, and mounted with a xylene-based mounting media
(Permount; Fisher Scientific Corporation, Fair Lawn, NJ).
Appropriate positive and negative controls were used.

Immunofluorescence of Mice Kidney Tissue

Tissue slides of renal cortical sections from FVBN (control)
and Tg26 mice were immersed in 100% xylene for 5
minutes four times, then placed in 100% ethanol for 5
minutes two times, and then into 70% ethanol 5 minutes two
times, followed by 50% ethanol for 5 minutes twice. Slides
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were washed with double-distilled water for 1 minute. Now
slides were subjected into 1x retrieve-All antigen
unmasking system buffer (catalog no. SIG-31910-50;
Covance, Dedham, MA) at 100°C for 90 minutes. Slides
were kept at room temperature for 20 to 30 minutes for
cooling and washed with 1x PBS. Slides were immersed in
0.3% Triton X-100 for 20 minutes at room temperature.
Slides were blocked with 2% bovine serum albumin for 2
hours. After blocking, primary antibody (caspase-1 at 1:25
dilution, IL-1B at 1:25 dilution, nephrin at 1:100 dilution)
were added for overnight at 4°C. Next day, slides were
washed with 0.1% Triton X-100 for 5 minutes three times
on shaker at room temperature. Secondary antibody was
added with fluorescence conjugated at 1:500 dilution for 1
hour at room temperature. Slides were washed with 0.1%
Triton X-100 for 5 minutes three times on shaker at room
temperature and mounted for fluorescence microscopy.

Protein Expression by Western Blot Analysis

Renal tissues and cellular lysates were prepared in RIPA
buffer [1x PBS, pH 7.4, 0.1% SDS, 1% NP-40, 0.5%
sodium deoxycholate, 1.0 mmol/L. sodium orthovanadate,
10 pL of protease inhibitor cocktail (100 X; Calbiochem,
Billerica, MA) per milliliter of buffer, and 100 pg/mL
phenylmethylsulfonyl fluoride]. Protein was estimated by
Bio-Rad (Hercules, CA) assay. Protein (20 pg to 30 pg) was
electrophoresed on 10% to 15% SDS-PAGE. Electro-
phoresed proteins were transferred to an Immuno-blot
polyvinylidene fluoride membrane (Bio-Rad). Membranes
were blocked with PBS-Tween (0.1%) with 5% nonfat milk
for 1 hour and incubated with primary antibodies overnight at
4°C, followed by horseradish peroxidase-conjugated sec-
ondary antibodies (dilution 1:2000; Santa Cruz Biotech-
nology), and then immunoblots were developed with
enhanced chemiluminescent solution (Pierce, Rockford, IL).
Primary antibodies from Santa Cruz Biotechnology (sc), Cell
Signaling (Danvers, MA), and Adipogen (Epalinges,
Switzerland) were used at 1:1000 dilutions. Antibodies
included caspase-1 (sc-56036), cleaved caspase-1 p20 anti-
body for human cell lysate [catalog no. 4199, rabbit mono-
clonal antibody; Cell Signaling], IL-1f (sc-7884; Santa Cruz
Biotechnology), cleaved IL-1B (sc-23459; Santa Cruz
Biotechnology), mature IL-13 [(3A6) mouse monoclonal
antibody catalog no. 12242; Cell Signaling] for human and
mouse cell lysates, ASC (sc-22514-R; Santa Cruz Biotech-
nology), cryopyrin/NLRP3 (catalog no. AG-20B-0014;
Adipogen), caspase-1 pl0 [(M-20) sc-514] for mouse cell
lysate, actin (sc-1616; Santa Cruz Biotechnology), and B-actin
(catalog no. 8H10D10 mouse monoclonal antibody; Cell
Signaling). The blots were developed with a chem-
iluminescence detection kit (Pierce) and exposed to X-ray film
(Eastman Kodak Co., Rochester, NY). Equal protein loading
and the protein transfer were confirmed by immunoblotting
of actin with the use of a polyclonal B-actin antibody (Santa
Cruz Biotechnology) on the same Western blot analyses.
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RNA Extraction, cDNA Preparation, and quantitative
real-time PCR (Tag-Man)

Total RNA was extracted from human podocytes or mouse
kidney tissues with the use of Trizol reagent (Invitrogen)
method. RNA was estimated by Epoch Biotek spectro-
photometer. Approximately 4 to 5 ng of total RNA was
used for cDNA synthesis with the use of first-strand
synthesis system (Invitrogen) by using random hexamer
primers. Primers sequences, probe number, gene accession
number from universal probe library are detailed in
Table 1. Each sample was analyzed in duplicates with the
use of cDNA as a template by using Eurogentec master
mix. Fold change was calculated by comparing FVBN with
Tg26 mice or control with experimental. Endogenous
control for assay was P-actin gene. Data were analyzed
with RQ manager version 1.2.1 (Applied Biosystems,
Foster City, CA).

The data are expressed as relative mRNA expression with
reference to control sample, normalized to an endogenous
reference gene, B-actin.

IL-1B Cytokine Measurement by Enzyme-Linked
Immunosorbent Assay

Serum concentrations of mature IL-1B cytokine in FVBN
(n = 7) and Tg26 (n = 7) mice were measured by enzyme-
linked immunosorbent assay with the use of mouse IL-1p/
IL-1F2 quantikine enzyme-linked immunosorbent assay kit
(catalog no. MLBOOC; R&D Systems, Minneapolis, MN)
following protocols.

Statistical Analysis

To compare the mean values between two groups, the un-
paired r-test was used. Statistical significance was defined as
P < 0.05. All results are shown as means £ SD. Number of
data points for each experiment is given in figure legends.
At least three different sets of experiments were performed
for each experimental condition. Data are presented as
means + SD.

Results
In Vivo Studies

Enhanced Expression of Inflammasome Complex Proteins in
Renal Tissue and Podocytes of Tg26 Mice Compared with
FVBN Controls

To determine the expression of NLRP3 inflammasome
complex proteins in HIVAN, renal cortical sections of
FVBN and Tg26 mice were immunolabeled for NLRP3,
ASC, and IL-1B. The representative immunohistochemistry
images for NLRP3 expression in FVBN (Figure 1A) and
Tg26 (Figure 1B) mice are shown. Cumulative data for
NLRP3™* cells/glomerulus in both FVBN and Tg26 mice are
shown in dot plot (Figure 1C). Tenfold higher number of
glomerular cells displayed NLRP3 expression in Tg26 mice.
Representative immunohistochemistry images for ASC
expression in FVBN (Figure 1D) and Tg26 (Figure 1E)
mice are shown. Cumulative outcome (dot plot) for ASC™
cells/glomerulus in both FVBN and Tg26 (Figure 1F) mice
suggest that fourfold higher number of glomerular cells
express ASC than FVBN. Representative immunohisto-
chemistry images for IL-1B expression in FVBN
(Figure 1G) and Tg26 (Figure 1H) mice are shown. IL-1
positivity in glomerular cells of Tg26 mice are threefold to
fourfold higher than FVBN (Figure 1I). Taken together, our
data indicate that all three inflammasome protein markers
(NLRP3, ASC, and IL-1) are up-regulated in podocytes of
Tg26 mice.

Inflammasome protein expression in podocytes was
further confirmed by immunofluorenscence double staining.
Renal cortical sections of FVBN and Tg26 mice were
stained with nephrin (podocyte marker in red color) and
caspase-1 (green color). Both FVBN and Tg26 (Figure 1J)
mice showed nephrin and caspase-1 staining. Merged
images appeared orange/greenish orange. Image intensity of
caspase-1 in glomeruli of FVBN and Tg26 mice was
calculated by Imagel] software version 1.49 (NIH, Bethesda,
MD; http://imagej.nih.gov/ij) and plotted (Figure 1K). Ratio
of nephrin and caspase-1 was also calculated (Figure 1L). In
both calculations (Figure 1, K and L), Tg26 mice expressed
significantly higher caspase-1 in podocytes than FVBN mice.

Table 1  List of Mouse Primers

Primer name Accession no.* Probe no. Sequence

Nlrp3 NM_145827.3 82 Forward: 5'-CCCTTGGAGACACAGGACTC-3’
Reverse: 5'-GAGGCTGCAGTTGTCTAATTCC-3’

ASC AB059327.1 110 Forward: 5'-CCCTTGTTCGTCTACCCTCA-3’
Reverse: 5'-GGAACAGTTAAGCGCCAAAG-3’

CASPASE-1 NM_009807.2 103 Forward: 5'-CCCACTGCTGATAGGGTGAC-3’
Reverse: 5'-GCATAGGTACATAAGAATGAACTGGA-3'

IL-1B NM_008361.3 38 Forward: 5'-AGTTGACGGACCCCAAAAG-3’
Reverse: 5'-AGCTGGATGCTCTCATCAGG-3’

B-ACTIN NM_007393.3 64 Forward: 5'-CTAAGGCCAACCGTGAAAAG-3’

Reverse: 5'-ACCAGAGGCATACAGGGACA-3’

*Entrez Nucleotide, http://www.ncbi.nlm.nih.gov/nuccore.
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Next, IL-1B as an inflammasome substrate was evaluated in
the podocytes. Both FVBN and Tg26 mice (Figure 1M) were
stained with nephrin and IL-1P. Merged images appeared
orange/greenish orange. Image intensity of IL-1B within
FVBN and Tg26 was calculated by Image] and plotted
(Figure IN); in addition, data were plotted in the form of
ratios (IL-1B/nephrin) (Figure 10). Dot plots (Figure 1, N and
O) show that IL-1 is significantly up-regulated in podocytes
of Tg26 mice compared with FVBN mice. Taken together
our data indicate that both caspase-1 and IL-1B are abun-
dantly expressed in podocytes of Tg26 mice.

Podocyte mRNA Expression of Inflammasome Markers in
FVBN and Tg26 Mice

To determine transcription status of inflammasomes in the
HIV milieu, NLRP3, caspase-1, ASC, and IL-13 mRNA
expressions were evaluated in renal tissues of Tg26 and
FVBN mice by quantitative real-time PCR. Total RNA was
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’. Figure 1  Podocytes display enhanced inflam-
"‘ masome complex protein (NLRP3, caspase-1, ASC,
o and IL-1B) expression in HIVAN mouse model. A
® and B: Renal cortical sections were immunolabeled

bg ad for NLRP3, ASC, and IL-1B. Representative micro-
images are shown. Renal cortical sections in

Tg26 Tg26 mice display greater number of NLRP3-
**: labeled podocytes (B) than FVBN (A). C: Cumula-

tive data are shown as dot plot. D and E: Renal
cortical sections in Tg26 mice (E) show greater
number of ASC™ podocytes versus FVBN (D).
F: Cumulative data are shown as dot plot. G and
H: Similarly, renal cortical sections of Tg26
mice (H) show higher number of IL-1B™ cells than
FVBN (G). Black arrows indicate IL1-B* podo-
cytes, and white arrows indicate IL1-B* tubular
cells. I: Cumulative data are shown as dot plots.
Renal cortical sections of FVBN and Tg26 mice
were stained with nephrin (podocyte marker in red
and caspase-1 in green). J: Renal cortical sections
of both FVBN and Tg26 were stained for nephrin
and caspase-1. K and L: Merged images appear
slight orange/greenish orange. Image intensity of
caspase-1 within FVBN and Tg26 was calculated by
program ImageJ and plotted (K); data were also
plotted in the form of ratios as dot plot (caspase-1/
nephrin, L). M: Both FVBN and Tg26 were stained
for nephrin and IL-1B8. N and 0: Merged images
appear orangey/greenish orange. Image intensity
of IL-1B within FVBN and Tg26 was calculated by
program Imagel and plotted (N); data are also
plotted in the form of ratios (nephrin/IL-1B) as
dot plot (0). Data are expressed as means
(horizontal bar) + SD (scatter). n = 30 glomeruli,
10 glomeruli from each mouse (C); n 30
glomeruli (F and I). ***P < 0.001 compared with
respective  FVBN. ASC, apoptosis-associated
speck-like protein containing CARD and PYD
domains; AU, arbitrary unit; HIVAN, HIV-
associated nephropathy; NLRP, nucleotide oligo-
merization domain (Nod)-like receptor protein;
Tg26, HIV-transgenic.
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extracted from renal tissue of FVBN (n = 5—6) and Tg26
(n = 5—6) mice. RNA was converted into cDNA with the use
of random hexamer primers. Quantified data are expressed in
the form of fold-change, NLRP3 mRNA expression
(Figure 2A), caspase-1 mRNA expression (Figure 2B), ASC
mRNA expression (Figure 2C), and IL-1 mRNA expression
(Figure 2D) in FVBN and Tg26 mice (dot plots). Taken
together, summarized data indicate that Tg26 mice express
sixfold higher NLRP3 mRNA, fivefold higher caspase-1
mRNA, 4.5-fold higher ASC mRNA, and sevenfold higher
IL-1B mRNA expression than FVBN mice.

Enhanced Expression of Inflammasome Complex Proteins
(NLRP3, ASC, caspase-1, and IL-1B) in Renal Tissues of
Tg26 Mice

To evaluate inflammasome complex proteins in Tg26 and
FVBN mice, cell lysates were prepared from FVBN (n = 7)
and Tg26 (n = 7) renal tissues. Equal amount of proteins
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Figure 2  Tg26 mice display higher renal tissue mRNA expression of NLRP3, caspase-1, ASC, and IL-1B. Total RNA was extracted from renal tissue of FVBN
and Tg26 mice. A—D: RNA was converted into cDNA with the use of random hexamer primers. Fold-expression analysis of NLRP3 (A), caspase-1 (B), ASC (C),
and IL-1B (D) mRNA expression were quantified by quantitative real-time PCR with the use of specific universal probe numbers and primers of each mRNA. Data
are expressed as dot plots from each sample. Mean values are represented as horizontal bar. n = 6 FVBN mice; n = 6 Tg26 mice. ***P < 0.001 versus
respective FVBN. ASC, apoptosis-associated speck-like protein containing CARD and PYD domains; NLRP, nucleotide oligomerization domain (Nod)-like re-
ceptor protein; Tg26, HIV-transgenic.

from different lysates were loaded onto gel for electropho- T26 mice showed sevenfold to eightfold higher serum
resis. Protein blots were probed with NLRP3, ASC, caspase- concentrations of IL-1f (30—40 pg/mL) than FVBN mice
1, cleaved caspase-1 p10, IL-1B 31 kDa, and cleaved IL-1f (4—5 pg/mL).

17 kDa. To quantify uniform loading, the same blots were

reprobed for actin. Representative gels are shown in In Vitro Studies

Figure 3A. Densitometric cumulative data (n = 7) indicate

that NLRP3 expression is fivefold to sixfold higher in Tg26 To achieve HIV expression by podocytes we transduced
mice than in FVBN mice (Figure 3B). ASC expression is podocytes either with vector (V, V/HPs) or NL43 (HIV/
fourfold to fivefold higher in Tg26 mice than in FVBN mice HPs). In these instances, podocyte displayed over-

(Figure 3C). Caspase-1 expression is twofold to threefold expression of either V or HIV. To evaluate whether
higher in Tg26 mice (Figure 3D). Cleavage of caspase-1 p10 overexpression of V alters inflammasome expression, we
increased twofold in Tg26 mice compared with in FVBN compared expression of inflammasomes between control
mice (Figure 3E). IL-1B expression is sevenfold to eightfold podocytes and V/HPs. Because overexpression of HIV in
higher in Tg26 mice than in FVBN mice (Figure 3F). Cleaved HIV/HPs is a limitation, we tried to circumvent this
IL-1B (17 kDa) expression is sixfold to sevenfold higher in limitation by studying discrepancy in outcome of HIV
Tg26 mice than in FVBN mice (Figure 3G). infection in vivo versus in vitro studies. To compare data
Serum IL-1f concentrations were determined by enzyme- in vivo and in vitro studies, we transduced same HIV
linked immunosorbent assay in FVBN (n = 7) and Tg26 transgene (NL4-3) in podocytes which was used in the
(n = 7) mice. Data are shown as dot plot (Figure 3H). generation of Tg26 mice.
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Figure 3  Renaltissues from Tg26 mice display enhanced inflammasome protein/cytokine markers. A: Cell lysates from renal tissues of FVBN and Tg26 mice
were prepared. Proteins from each renal tissue were electrophoresed and transferred on to polyvinylidene difluoride membrane. B—G: Protein blots from renal
tissues were probed for NLRP3, ASC, intact caspase-1, cleaved caspase-1 (p10), intact IL-1p (31 kDa), cleaved IL-1B (17 kDa), and actin. Densitometric values
of cumulative data are shown as dot plots for NLRP3 (B), ASC (C), caspase-1 (D), caspase-1 p10 (E), and IL-1p 31 kDa (F), and cleaved IL-1f 17 kDa (G).
H: Mature form of IL-1B concentration was quantitated in serum of FVBN and Tg26 mice with the use of enzyme-linked immunosorbent assay kit from R&D
Systems. Data are shown as dot plots in the form of mean values (horizontal bar) and scatter (+ SD). n = 7 FVBN mice; n = 7 Tg26 mice. ***P < 0.001 versus
respective FVBN. ASC, apoptosis-associated speck-like protein containing CARD and PYD domains; Caspl, caspase-1; NLRP, nucleotide oligomerization
domain (Nod)-like receptor protein; Tg26, HIV-transgenic.
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Figure 4  HIV induces cell death/pyroptosis in
human podocytes. A and C: EV/HPs and HIV/HPs
were incubated in media for 48 hours, followed by
staining with Hoechst 33342 and propidium iodide,
and morphologic assay of these cells was done under
a fluorescence microscope. Representative micro-
fluorographs of V/HPs (A) and HIV/HPs (C) are
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shown. Pyroptosed podocytes are indicated by white
arrows. Human podocytes were transduced with
variable concentration of V and HIV and then incu-
bated in media for 48 hours. Subsequently, cells were
stained and evaluated under a fluorescence micro-
scope. B: Cumulative data are represented as dot
plot. Human podocytes were transduced with V and
HIV and incubated in media for variable time periods
(24, 48, and 72 hours). Subsequently, cells were
subjected for pyroptosis assay. D: Cumulative data
are represented as dot plot. V/HPs and HIV/HPs

o

HIV
24H

were incubated in media for 48 hours. E—G: Sub-
sequently, cells were labeled for caspase-1 (FITC),
IL-1B (FITC), and co-labeled for caspase-1 (pacific
blue) + IL-1B (FITC). Labeled cells were quantified
by fluorescence-activated cell sorting analysis,

HIV
72 H

\Y

NLRP3

F Caspase-1 G

s

Caspase-1 + IL-183

data were analyzed by FlowJo (FlowJo, Ashland,
OR). Representative scatter plots are shown. HIV/
HPs show 10-fold higher expression of NLRP3 (E),
9.4-fold higher expression of caspase-1 (F), and
16-fold higher expression of IL-1B (G). H: Co-

labeled HIV/HPs (y axis shows caspase-1, x axis
shows IL-1pB expression) in quadrant Q2 (as indi-

Pacific Blue-A

cated by red arrows) display sixfold higher
expression than V/HPs. n = 15 fields, five fields
from each set of experiment (B and D);
***p < 0.001 versus respective V. FITC, fluores-
cein isothiocyanate; HP, HIV expression by
podocyte; NLRP, nucleotide oligomerization

HIV Induces Pyroptosis and Activates NLRP3 Inflammasome
Complex Proteins in Human Podocytes

To assess HIV-induced cell death/pyroptosis, human
podocytes were incubated with V or HIV for 48 hours,
followed by staining with Hoechst 33342 and PI and
examined under fluorescence microscope. Podocytes with
small or fragmented nuclei stained pink were counted as
pyroptosed cells. Figure 4, A and B, shows representative
microfluorographs of V/HPs and HIV/HPs, respectively.
To determine dose response, HPs were transduced at
different concentrations of V or HIV and then stained for
morphologic assay for pyroptosis. Cumulative data (n = 3,
five random fields from each set of experiment) are shown
as dot plot (Figure 4C). On the basis of these data it
appears that HIV induces cell death/pyroptosis in a dose-
dependent manner; however, the effect of HIV remained
stable at 20 U.

To assess time course kinetics, human podocytes were
transduced with V or HIV and incubated for 24, 48, or 72
hours. Subsequently, cells were subjected for pyroptosis
assay. Cumulative data (n 3) are shown as dot plot

The American Journal of Pathology m ajp.amjpathol.org

domain (Nod)-like receptor protein; V, vector.

(Figure 4D). HIV enhanced podocytes pyroptosis in a time-
dependent manner, peaking at 48 hours.

To quantify the percentage of podocyte display active
inflammasome in HIV milieu, V/HPs and HIV/HPs were
labeled for caspase-1, IL-1f3, or caspase-1 + IL-1[3 together.
Labeled cells were quantified by fluorescence-activated cell
sorting analysis. HIV/HPs displayed 10-fold higher NLRP3
expression (Figure 4E), 9.4-fold higher caspase-1 expres-
sion (Figure 4F), and 16-fold higher IL-1p expression
(Figure 4G) than V/HPs. Thirteen percent of HIV/HPs was
positive for both casapse-1 and IL-1B (double-stained
podocytes in quadrant Q2, indicated by red arrow), whereas
V/HPs showed only 2.1% positivity (Figure 4H). Taken
together, the data strongly suggest that HIV activates the
NLRP3 inflammasome complex in human podocytes.

HIV Activates NLRP3 Inflammasome in Human Podocytes

To determine a potential nonspecific effect of V on human
podocyte NLRP3 inflammasome complex formation, blots
of control and V/HPs were probed for caspase-1 expres-
sion, and the same blots were stripped and re-probed for
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Figure 5

HIV activates NLRP3 inflammasome in podocytes. A: Protein blots of control and V/HPs were probed for caspase-1 expression, and the same blots

were stripped and re-probed for actin. Representative gels are displayed. B: Densitometric data of caspase-1 expression (control versus V/HPs) are shown as
dot plot. No difference was found between control and V/HPs in NLRP3 expression. C: Protein blots of EV/HPs and HIV/HPs were probed for NLRP3, Caspl
(catalog no. sc-560360; Santa Cruz Biotechnology), IL-1f (31.0 kDa), cleaved IL-1p (17.0 kDa), and actin. Representative gels are displayed. D—G: Cumulative
densitometric data of NLRP3 (D), Casp1 (E), IL-1B (F), and cleaved IL-1B (G) expression are shown as dot plots. H: To check cleaved Casp1, protein blots from
thee different sets of V/HPs and HIV/HPs were probed with Casp1 antibody (catalog no. 4199; cleaved Casp1 no. Asp297/D57A2; Cell Signaling) and reprobed
for actin. I and J: Representative gels are displayed. Cumulative densitometric data (Casp1, I; p20, J) are shown as dot plot. Data are expressed as means
(horizontal bar) + SD (scatter). n = 3 (A, C, and H). *P < 0.05 versus control; ***P < 0.001 versus HIV. C, control; Casp1, caspase-1; HP, HIV expression by

podocyte; NLRP, nucleotide oligomerization domain (Nod)-like receptor protein; V, vector.

actin (n = 3). Representative gels are shown in
Figure 5A. Densitometry data of caspase-1 expression
(control versus V) are shown as dot plot (means + SD)
(Figure 5B). No difference was found in caspase-1
expression in control and V, suggesting that V can be
used as an appropriate control. In subsequent experiments
we used V as control.

Protein blots of V/HPs and HIV/HPs (n = 3) were
probed for NLRP3, caspase-1 (Santa Cruz Biotechnology
antibody), total IL-13 (31 kDa), cleaved (mature) IL-1f
(17 kDa), and actin. Representative gels from one set of
experiments are shown (Figure 5C). Densitometric data
revealed that NLRP3 expression was twofold higher in
HIV/HPs (Figure 5D). Caspase-1 expression was also
higher in HIV/HPs (Figure 5E). Expression of IL-1B
(31 kDa) was twofold to threefold higher in HIV/HPs than
in V/HPs (Figure 5F). Expression of cleaved IL-1B (17 kDa)
was twofold higher in HIV/HPs than in V/HPs (Figure 5G).
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To confirm cleavage of caspase-1, blot was probed for both
intact and cleaved caspase 1 (Figure 5H). Densitometric
data show that caspase-1 expression was 8- to 10-fold
higher in HIV/HPs than in V/HPs (Figure 5I). Cleaved
product p20 expression of caspase-1 was significantly up-
regulated in HIV/HPs (Figure 5J). Caspase-1 expression in
Figure 5, C and H, was probed with caspase-1 antibodies
with different specificity from two different suppliers (Santa
Cruz Biotechnology and Cell Signaling).

Caspase-1 Inhibitor Attenuates HIV-Induced Caspase-1,

Cleaved Caspase-1 p20, and IL-1B Expression in Podocytes
To establish a causal relation between HIV and the activa-
tion of NLRP3 inflammasome protein complexes, V/HPs
and HIV/HPs were incubated in the presence or absence of 5
pmol/L caspase-1 inhibitor for 48 hours (n = 3). Cell
lysates were prepared, and protein blots were probed for
caspase-1, IL-1B, and actin. Representative gels are
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Figure 6  CaspiInh reduces the activation of HIV-induced inflammasome in podocytes. V/HPs and HIV/HPs in the presence of absence of 5 umol/L
Casp1Inhfor 48 hours (n = 3). Cell lysates were prepared and protein blots were probed for Casp1 (catalog no. sc-560360; Santa Cruz Biotechnology). A:
The same blot was stripped and re-probed for IL-1f and actin. Representative gels are displayed. B: Induction of Casp1 expression in response to HIV and
inhibition with Casp1Inhis represented as dot plot. C: Processing of IL-1f in response with HIV and inhibition in the presence of Casp1Inhis represented
as dot plot. D: To analyze cleaved Caspl p20, protein blots of samples treated with V, HIV, and HIV Casp1Inh were probed with Casp1 antibody (catalog
no. 4199; cleaved Caspl Asp297/D57A2; Cell Signaling). Representative gels are displayed. E and F: Cumulative densitometric data pertaining to intact
Casplexpression (E) and cleaved Casp1 (F) are shown as dot plots. Data are expressed as means (horizontal bar) & SD (scatter). n = 3. *P < 0.05 versus
respective HIV; **P < 0.01 versus respective HIV; ***P < 0.001 versus V. Caspl, caspase-1; CasplInh, caspase-1 inhibitor; HP, HIV expression by
podocyte; V, vector.

displayed (Figure 6A). Cumulative data (caspase-1) are
expressed as dot plot (Figure 6B). HIV/HPs displayed
enhanced caspase-1 expression, but this effect of HIV was
inhibited by a caspase-1 inhibitor. Similarly, HIV enhanced
podocyte expression of IL-13 (31 kDa), but this effect of
HIV was attenuated by a caspase-1 inhibitor. Cumulative
data as dot plot are shown in Figure 6C. These observations
confirm the role of HIV in the activation of inflammasomes
in human podocytes.

To confirm cleaved caspase-1 in response to HIV, V
and HIV/HPs were incubated in the presence or absence

of caspase-1 inhibitor (n = 3). Protein blots were pro-
bed for intact and cleaved (p20) caspase-1. Represen-
tative gels are displayed in Figure 6D. Cumulative data
are shown as dot plots (Figure 6, E and F). These
findings confirmed that HIV induced cleavage of
caspase-1 in podocytes, and this effect of HIV was
inhibited by a caspase-1 inhibitor. The caspase-1
expression in Figure 6, A and D, were probed with
caspase 1 antibodies having different specificity supplied
by two separate vendors (Santa Cruz Biotechnology and
Cell Signaling).
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Figure 7  Caspase-1 inhibitor, glyburide (NLRP3 inhibitor), and Tempol reduce induced pyroptosis by HIV in human podocytes. A: Human podocytes
were incubated with V and HIV in media that contained either buffer or 5 umol/L caspase-1 inhibitor for 48 hours, followed by morphologic assay for
pyroptosis. Cumulative data are shown as dot plot. B: V/HPs and HIV/HPs were incubated with V and HIV in media that contained either buffer or 200
umol/L glyburide for 48 hours, followed by morphologic assay for pyroptosis. Cumulative data are shown as dot plot. C: V/HPs and HIV/HPs in media that
contain either buffer or 10 pmol/L Tempol for 48 hours, followed by morphologic assay for pyroptosis. Cumulative data are shown in a dot plot. Each
experiment was performed three times in duplicates. Data are expressed as means (horizontal bar) £ SD (scatter). n = 3. **P < 0.01 versus HIV,
***P < 0.001 versus V. CasplInh, caspase-1 inhibitor; HP, HIV expression by podocyte; NLRP, nucleotide oligomerization domain (Nod)-like receptor
protein; V, vector.
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Caspase-1 Inhibitor, Glyburide, and Tempol Reduces
HIV-Induced Pyroptosis/Cell Death in Human Podocytes
To determine the role of caspase-1 inhibitor on cell death/
pyroptosis, human podocytes were incubated with V and
HIV in media that contained either vehicle control or 5
pmol/LL caspase-1 inhibitor for 48 hours, followed by
morphologic assay for pyroptosis. The enhanced pyroptotic
effect of HIV in podocytes was partially inhibited by
caspase-1 inhibitor (Figure 7A).

To evaluate the role of potassium efflux (glyburide-
NLRP3 inhibitor), human podocytes were incubated with
V and HIV in media that contained either vehicle control
or 200 pmol/L glyburide for 48 hours, followed by
morphologic assay for pyroptosis. Glyburide partially
inhibited HIV-induced pyroptosis (approximately 50%)
in podocytes. These findings suggest that potassium
efflux partly contributes to HIV-induced pyroptosis
(Figure 7B).

To determine the role of oxidative stress, V and HIV were
incubated in media that contained either buffer or 10 umol/L
Tempol for 48 hours, followed by morphologic assay for
pyroptosis. HIV increased pyroptosis more than twofold in
podocytes (Figure 7C); however, this effect of HIV was
partially inhibited (50%) by Tempol. These findings indicate
that oxidative stress partly contributes to HIV-induced
podocyte pyroptosis.

Discussion

In the present study podocytes in renal cortices of Tg26
mice demonstrated induction of NLRP3 multiprotein com-
plex formation by displaying augmented expression of
NLRP3, ASC, and caspase-1, and IL-1B. Enhanced
expression of IL-1P and active caspase-1 in Tg26 mice
further confirmed the activation of NLRP3 inflammasome
protein complexes. Renal tissues of Tg26 mice not only
displayed enhanced mRNA expression but also showed
protein expression of molecules involved in NLRP3
inflammasome complexes. Podocyte HIV infection led to
the expression of NLRP3 and caspase-1, establishing a
causal relation between HIV infection and podocyte NLRP3
inflammasome complex formation. Because caspase-1 in-
hibitor attenuated HIV-mediated podocyte caspase-1 and
IL-1PB expression, it further confirms the role of HIV in
podocyte inflammasome formation. The caspase-1 inhibi-
tor not only attenuated podocyte expression of IL-1f but
also provided protection against pyroptosis, suggesting
that HIV induced podocyte phenotype was mediated by
NLRP3 inflammasome complexes. Interestingly, HIV-
induced podocyte pyroptosis could be partially inhibited
by Tempol (a superoxide dismutase mimetic agent) and by
glyburide (an inhibitor of potassium efflux or NLRP3
protein). These findings indicate that generation of reactive
oxygen species and potassium efflux contributed to
podocyte pyroptosis in HIV milieu.
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Oxidative stress was reported to be contributing to the
progression of HIV disease.”””® Molecules consumed
during the process of oxidative stress such as glutathione
and antioxidants, including ascorbic acid, tocopherols,
and selenium, are frequently lower in patients with HIV-1
infection.””*' HIV-infected patients were also reported
to display higher concentrations of serum markers of
oxidative stress such as malondialdehyde and hydroper-
oxides, and oxygen consumption rates, which increase the
oxygen load.”” *> Oxidative stress also contributes to
viral replication,”®”” increases the inflammatory immune
response,”” and accelerates the loss of immune function of
the host.” In a report, oxidative stress down-regulated
vitamin D receptors in kidney cells and induced genera-
tion of renin and activation of renin angiotensin system in
kidney cells in the HIV milieu.”” Induction of inflam-
masome formation in the HIV milieu adds a new para-
digm to HIV’s arsenal in addition to existing reported
multiple subversion strategies.” Recently, it was reported
that diabetic kidney lesions were associated with NLRP3
inflammasome formation and that mito-tempol (a mito-
chondrial SOD mimetic agent) provided protection
against the formation of inflammasomes and the devel-
opment and progression of renal lesions.” Similarly, in
the present study, Tempol provided partial protection
against HIV-induced podocyte pyroptosis.

Most proteinuric diseases, including HIVAN, are asso-
ciated with podocytopathies (altered podocyte phenotype-
reduction in number and effacement of foot processes).'*'
Lysosomal cysteine protease cathepsin L (CTSL) leakage
was incriminated for the loss of podocytes in these podo-
cytopathies.””*? Reactive oxygen species were reported to
promote lysosomal leak of CTSL in adverse milieus."’
Because cathepsins are functional at neutral pH, they
carry the potential to induce cellular injury by cleavage of
nuclear and cytoplasmic factors.”* We previously demon-
strated that HIV-induced reactive oxygen species genera-
tion was associated with increased lysosomal membrane
permeabilization and enhanced cytosolic accumulation of
CTSL and associated reorganization of actin filaments in
podocytes.”” This is consistent with the observations of
other investigators in other models of chronic kidney dis-
eases.”"’ Because CTSL leak is an inducer of inflam-
masome formation, it is likely that HIV-induced cytosolic
leak of CTSL would have contributed to pyroptosis in the
present study. Therefore, it would be worth investigating
the role of CTSL in HIV-induced podocyte pyroptosis in
future studies.

The renin angiotensin system was shown to play a critical
role in the development and progression of HIVAN,'*#>%
Infusion of Ang II enhanced progression of renal lesions
in an experimental mouse model of HIVAN." Conversely,
blockade and inhibition of Ang II production slowed down
HIVAN progression both in humans and in experimental
animal models.’"! Similarly, enhanced renin production
accelerated progression of renal lesions, whereas inhibition
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of renin attenuated progression of renal lesions in HIVAN
mice.”” HIV was reported to stimulate production of Ang II
in podocytes.”” On that account, Ang II-mediated reactive
oxygen species generation and TGF-B production may be
contributing to podocyte injury in HIVAN.** Because IL-1p
stimulates TGF- generation within kidney cells,53 we
speculate that the inflammasome may be a precursor of the
profibrotic milieu in HIVAN. In addition, Ang IT was shown
to contribute to podocyte CTSL expression in the HIV
milieu.” Thus, it appears that in podocytopathies associated
with proteinuric diseases, inflammasomes may be playing a
dual role: proinflammatory and profibrotic milieu.

In conclusion, HIV promotes NLRP3 inflammasome
protein complex formation in HIVAN. The present study
highlights involved molecular mechanism in HIV-induced
pyroptosis in podocytes and provides a basis to support
the use of new therapeutic targets for HIVAN in future
studies.
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