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The released hemes in acute hemolytic transfusion reaction activates NLRP3
inflammasome through potassium efflux and ROS signal in renal tubular epithe-
lial cells.
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Hemes from lysed RBCs induces pyroptosis and IL-13 release of renal tubular
epithelial cells in acute hemolytic transfusion reaction.

The 66PR chemical inhibits hemes’ activation of NLRP3 inflammasome in renal
tubular epithelial cells to protect kidney function.
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Results: We found that heme could activate NLRP3 inflammasome in RTECs to

induce kidney function injury. NLRP3 gene knockout could prevent the damage
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of RTECs caused by hemes and recover kidney function in AHTR. Moreover,
NLRP3 inflammasome chemical inhibitor, 66PR, could bind to NLRP3 protein
and inhibit inflammasome activation in RTECs, which consequently relieved the
injury of RTECs caused by hemes, and alleviated kidney function damage in the
AHTR model.

Conclusions: Hemes could activate NLRP3 inflammasome in RTECs, and a
novel NLRP3 inflammasome inhibitor named 66PR relieved kidney function
damage in AHTR. Our findings provided a new possible strategy to treat kidney

KEYWORDS

epithelial cells

1 | BACKGROUND

Blood transfusion is a common therapy in clinical set-
tings. However, the incompatible red blood cells (RBCs)
and, more rarely, a large volume of incompatible plasma
are common causes of hemolytic transfusion reactions
(HTRs).!? Delayed HTRs are caused by a secondary
immune response to the donor’s RBCs. Acute HTRs
(AHTRSs) occur within 24 h after administration of a blood
product.®* Once an AHTR occurs, a mass of heme is pro-
duced. When heme cannot be evacuated by haptoglobin
and heme oxygenase, excessive heme leads to damage of
organs,5 such as the heart, lung, brain, gut, pancreas, liver,
and kidney6; therefore, an AHTR can result in death.

Under normal conditions, when blood circulates in the
glomerulus, crude urine is collected and passed through
the renal tubules in the kidney. Renal tubular epithelial
cells (RTECs) can then reabsorb water, glucose, amino
acids, urea, and electrolytes. Subsequently, terminal urine
is produced and excreted. If the RTECs are impaired, effec-
tive reabsorption cannot occur, leading to kidney fail-
ure, which in turn results in abnormal physiological life
activity.” When high concentrations of heme circulate
through the kidney in an AHTR, various types of cells, such
as macrophages, vascular endothelial cells, mesenchymal
cells, podocytes, and tubular epithelial cells, are constantly
in contact with heme, leading to heme-induced toxicity.®
Ferriheme causes acute kidney failure, and heme oxyge-
nase inhibition promotes apoptosis of RTECs.>° However,
the mechanism by which heme induces RTEC damage is
not fully understood.

Studies have reported the abnormal expression of major
components of NLRP3 inflammasome in renal tissue
change in nephritis or renal injury.!”'> NLRP3 is an
essential inflammasome, and can be activated by virous

function failure in AHTR.

acute hemolytic transfusion reaction, heme, inhibitor, NLRP3 inflammasome, renal tubular

stimuli.*"® The NLRP3 inflammasome contains NLRP3,
an apoptosis-associated speck-like protein containing a
caspase recruitment domain (ASC), and pro-caspase-1.
The NLRP3 inflammasome cleaves pro-caspase-1 into p20
and p10, inducing the maturation and release of IL-18 and
IL-18.° The NLRP3 inflammasome activation also leads
to pyroptosis.”” Some studies have reported that heme
activates the NLRP3 inflammasome in macrophages.'®"
Other studies have found that RTECs express a func-
tional NLRP3 inflammasome in renal diseases.?~*> How-
ever, there is insufficient detailed evidence to deter-
mine whether heme activates NLRP3 inflammasomes in
RTECsS.

If we demonstrate that the NLRP3 inflammasome is
deeply involved in heme-induced RTEC impairment, then
the inhibition of NLRP3 inflammasome will undoubtedly
be important in the control of kidney function failure in
hemolysis. NLRP3 inhibitors have been shown to be effec-
tive in treating diabetes, cancer, and infections.? Coll et al
found that a compound named MCC950 directly binds to
the Walker B motif of NLRP3 NACHT domain, thereby
blocking adenosine triphosphate hydrolysis and inhibiting
NLRP3 inflammasome recombination and activation.’*?
Another chemical compound, CY-09, was also shown to
inhibit the activation of NLRP3 inflammation.”® We pre-
viously reported that a small molecule named 66PR was a
novel NLRP3 inhibitor that could inhibit the progression of
inflammatory bowel diseases,?” which prompted us to fur-
ther investigate the possibility and potential of applicating
66PR to restore the function of RTEC in AHTRs.

The current study focused on heme, especially heme
from hemolysis, to elucidate how NLRP3 inflammasomes
were activated in RTECs. Based on the activation mecha-
nism, we also tried to inhibit the NLRP3 pathway to main-
tain kidney function in an animal model of hemolysis.
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2 | MATERIALS AND METHODS

2.1 | Mice and animal model

Adult wild-type C57BL/6 mice (8-12 weeks old) were pur-
chased from the Animal Resources Center of the Fourth
Military Medical University (Xi’an, China). NLRP3 gene
knockout mice (NLRP3~/~, C57BL/6 stains) were what had
been described,?®%° and littermates were used as controls.
All mice were maintained under a special pathogen-free
environment and randomly assigned in experiments. The
mice experimental protocols were approved by the Animal
Care Committee of the Fourth Military Medical University
of China.

Two types of hemolysis models were used in this
study. One model was induced by intravenous injection
with human blood plasma (5 uL/g; informed consent
was obtained from volunteer donors). To ensure hemol-
ysis, C57BL/6 murine red blood cells were mixed with
human plasma to detect agglutination. Murine periph-
eral blood (20 uL) was collected and washed three times
with saline. Murine red blood cells (5 uL) were added
to 100 uL of human plasma and centrifuged. After cen-
trifugation, the samples were gently shaken and observed.
Further experiments were performed only when agglu-
tination was confirmed in vitro. The agglutination in
vitro is shown in Figure SIA,B. Another model was
developed by intravenous injection with murine heme
(10 mL/kg; murine RBCs were freeze-thawed and cen-
trifuged to obtain heme). In both models, hemoglobinuria
was observed in mice at 1-4 h post-injection. After 4 h,
peripheral blood and urine samples were collected. RBC
counts in the animals’ peripheral blood were determined
using an automatic hematology analyzer (SYSMEX XP-
100, Kobe, Japan). Free hemoglobin in the peripheral blood
and urine was analyzed using Trinder’s reaction (plasma-
free hemoglobin assay kit; Beijing Ruilda Biotechnology
Co. Ltd., China). The creatinine (CREA), blood urea nitro-
gen (BUN), and lactate dehydrogenase (LDH) levels in the
blood were measured using an automatic biochemical ana-
lyzer (HITACHI7600, Tokyo, Japan). Coomb’s test was per-
formed using a commercial kit (Anti-IgG&C3d, Shanghai
Pharmacy Blood, Co., Ltd., Shanghai, China).

2.2 | Reagents

Anti-bodies used for murine cell immunoblot analysis
were: IL-183 (#12426, Cell Signaling Technologies, the dilu-
tion ratio [the following are the same] was 1:1000), NLRP3
(#AG-20B-0014, Adipogen, 1:1000), Caspase-1p20 (#AG-
20B-0042, Adipogen, 1:1000), alpha Tubulin (#66031-1-1 g,
Proteintech, 1:1000), ASC (#AG-25B-0006, Adipogen,
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1:1000), GSDMDCI1 (#sc-393656, Santa Cruz Biotech-
nology, 1:100), Anti-biotin (#ab53494, Abcam, 1:100) RP
Goat Anti-Mouse IgG Antibody (#EK010, Zhuangzhibio,
1:5000), and HRP Goat Anti-Rabbit IgG Antibody
(#EK020, Zhuangzhibio, 1:5000). Anti-mouse antibodies
used for immunofluorescent staining analysis were:
Cytokeratin-18 (CK18) (#10830-1-AP, Proteintech,1:200),
Aquaporin-1 (AQP1, #20333-1-AP, Proteintech, 1:200),
Villin (#16488-1-AP, Proteintech, 1:200), Sodium-glucose
co-transporter 2 (SGLT2) (#ab37296, Abcam, 1:200), Tim-1
(#ab47653, Abcam, 1:200), NGAL (#ab63929, Abcam,
1:200), GSDMDCI1 (#sc-393656, Santa Cruz Biotechnol-
ogy, 1:50), Cy3 Goat Anti-MouselgG Antibody (#EKO012,
Zhuangzhibio, 1:400), Alexa Fluor 488 Goat Anti- Mouse
IgG Antibody (#EKO011, Zhuangzhibio, 1:400), Cy3 Goat
Anti-Rabbit IgG Antibody (#EK022, Zhuangzhibio, 1:400),
Alexa Fluor 488 Goat Anti- Mouse IgG Antibody (#EK021,
Zhuangzhibio, 1:400).

Anti-human antibodies used for immunoblot analysis
were:IL-18 (#ab9722, Abcam, 1:1000), NLRP3 (#AG-20B-
0014, Adipogen,1:1000), Caspase-1p20 (#AG-20B-0048,
Adipogen, 1:1000), alpha Tubulin (#ab7291, Abcam,
1:1000), ASC (#AG-25B-0006, Adipogen, 1:1000), GSD-
MDC1 (#ab228824, Abcam, 1:1000), HRP Goat Anti-Mouse
IgG Antibody (#EK010, Zhuangzhibio, 1:4000), HRP Goat
Anti-Rabbit IgG Antibody(#EK020, Zhuangzhibio,
1:4000). Anti-human antibodies used for immunoflu-
orescent staining analysis were: Tim-1 (the same as
anti-mouse, 1:200), NGAL (the same as anti-mouse,
1:200), GSDMDCI1 (#ab228824, Abcam, 1:200), Cy3 Goat
Anti-Mouse IgG Antibody (#EKO012, Zhuangzhibio,
1:400), Cy3 Goat Anti-Rabbit IgG Antibody (#EK022,
Zhuangzhibio, 1:400).

2.3 | HK-2 cells, primary RTECs prepare
and chemical heme treatment

The HK-2 cells were obtained from the laboratory of
Kidney Department, Xiijng Hospital and maintained in
DMEM/F12 medium (Gibco, USA) with 5% CO, at 37°C.
A part of the extracted renal tissue from experimental
C57BL/6 mice was used to isolate primary RTECs. Briefly,
the cortex area of the kidney was cut into pieces of
1 mm,’> and the cells were isolated by incubation with
1 mg/mL collagenase type-I (C1-28, Sigma-Aldrich) for
45 min at 37°C. The RBCs were removed by lysis. The
cell suspension was collected after filtration through a 60-
mesh screen. RTECs were separated from the cell suspen-
sion using 180-mesh screens. RTECs were maintained in
DMEM/F12 medium containing 10% FBS and 5% CO, at
37°C. Primary RTECs were determined by immunostain-
ing with anti-CK18, anti-AQP]I, anti-Villin, and anti-SGLT2
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(Figure S1C,D). Chemical heme was freshly prepared with
NaOH and hemin (#51280, Sigma-Aldrich) in 1 mL culture
solution (5 mmol/L).

2.4 | IL-1B1evel evaluation

Experiments to analyze IL-13 secretion were performed
with 2 x 10° cells, and the cellular supernatants were col-
lected for ELISA analysis (Mouse IL-153, #P16807, R & D;
Human IL-183, #P250505, R & D, USA). All measurements
were performed according to the manufacturer’s instruc-
tions.

2.5 | Western blot analysis
Cells were lysed in a radio immunoprecipitation assay
buffer (#P0013C, Beyotime, China). Protein concentra-
tions were quantified using the BCA Protein Assay Kit
(#23225; Pierce, Rockford, IL, USA). Proteins in the super-
natant of the cell culture were concentrated by 10% (v/v)
trichloroacetic acid (TCA). Then, the precipitates were col-
lected and washed three times with ethanol-acetone (1:1,
v/v). The precipitates were resuspended in a loading buffer.
Equal amounts of protein from different groups were
loaded onto SDS-PAGE and transferred onto PVDF mem-
branes. The membranes were incubated with antibodies
against NLRP3, caspase 1, GSDMD, ASC, IL-15, and
a-tubulin (as described above) for overnight, and then
incubated with appropriate secondary HRP-conjugated
antibodies. Blots were detected using a chemilumines-
cence detection kit (#34077, Thermo Scientific, USA).
Western blots were performed five times for each exper-
iment. We used anti-mouse a-tubulin or anti-human
a-tubulin unless otherwise specified, as the incubation
with antibody was performed for each murine and human
protein. Band intensities were determined based on
alpha-tubulin unless otherwise specified using Image J
software (1.42q, Wayne Rasband, National Institutes of
Health, USA).

2.6 | Morphological analysis
2.6.1 | Hematoxylin-eosin staining of kidney
sections and analysis

After mice were killed, the kidneys were collected to pre-
pare 8-um paraffin sections, and were stained with the
standard Hematoxylin-eosin (H&E) protocol. Semiquanti-
tative histologic scoring was performed by two individu-
als independently with a blinded manner, according to a
previous study.>’ They randomly selected five slides of kid-

ney sections from five mice and observed five microscopic
fields per slide. The slides were observed at 200X mag-
nification. The tubular cell necrosis scores were obtained
using a severity index that assigns points (0 to 3) for patho-
logical changes of renal tubules, according to the follow-
ing criteria: for the extent of interstitial infiltrates, intersti-
tial edema, tubular dilation, and atrophy were looked as
absent (0), involving less than 25% of the section area with
mild focal separation of tubules (1), involving 26-50% of the
section area, with diffuse mild separation of tubules, and
with flattening of the tubular epithelium (2), and involv-
ing more than 50% of the section area, containing tubular
basement membranes diffusely separated by the thickness
of a tubular epithelial cell, and the diameters of tubules
exceeded those of glomeruli (3).

2.6.2 | Scanning electron microscopy

Cells were seeded at 5 x 10* cells per well with glass slides
and rested overnight for proper attachment. The cells were
then treated with heme. After 4 h, the cell supernatants
were removed, and the samples were fixed with 3% glu-
taraldehyde for 24 h. The samples were cleaned twice with
distilled water, then dehydrated with an acetonitrile gradi-
ent in sequence (50% acetonitrile 10-15 min, 70% acetoni-
trile 10-15 min, 90% acetonitrile 10-15 min, 100% acetoni-
trile 10-15 min three times). The samples were then dried
in a vacuum. Then, the samples were pasted onto the sam-
ple tables to spray gold. Finally, the samples were imaged
with a voltage of 5kV using a scanning electron microscope
(Olympus N300M, Shinjuku-ku, Tokyo, Japan). Once the
images were taken, the pyroptotic pores were counted by
two individuals independently in a blinded manner. They
randomly selected five pictures and recorded the number
of pores.

2.6.3 | Immunofluorescence staining and
laser confocal microscopy

Kidney sections from animals were prepared according
to the standard protocol (Leica CM1860, Wetzlar, Ger-
many). Briefly, after mice sacrificed, the kidneys were col-
lected, embedded in OCT, and stored at -20°C. Cryosec-
tions of the kidney were made using an 8 um freezing
microtome before staining. Kidney sections or cultured
cells in dishes (# 801002, NEST) were washed twice with
sterile PBS, fixed with 4% paraformaldehyde (PFA), and
blocked in 5% BSA. The cells or kidney sections were then
incubated overnight with primary antibodies, including
anti-GSDMDCI, anti-Tim-1, anti-NGAL, anti-CK18, anti-
AQP1, anti-villin, or anti-SGLT2. Secondary fluorescent
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antibodies were added for 1 h, and DAPI (#D9542, Sigma-
Aldrich) was used for nuclear counterstaining. The sam-
ples were imaged using a laser confocal system (Nikon C2,
Tokyo, Japan). Quantitative analysis was performed using
Image J software (1.42q, Wayne Rasband, National Insti-
tutes of Health, USA).

2.7 | Potassium level, mitochondria
damage, ROS, and viability assay

Potassium level: HK-2 cells were cultured in 6-well plates,
treated with heme, and inhibited for 4 h. Then, the super-
natant was collected to measure potassium levels using
a kit (Abacam, #ab252904, UK). Mitochondria damage:
Briefly, the HK-2 cells in different groups were incubated
at 37°C for 15 min with 200 nmol/L Mito-Tracker Red
CMXRos (#C1049, Beyotime, China) and were collected
and detected by flow cytometry (BD, FACS Canto II plus,
United States). Intracellular ROS levels: According to the
Reactive Oxygen Species Assay Kit (#S0033S, Beyotime,
China), the HK-2 cells in different groups were incubated
at 37°C for 15 min with 10 umol/L DCFH-DA (included
in #S0033S, Beyotime, China), and flow cytometry was
used to detect intracellular ROS levels. For the viability
assay, HK-2 cells in different groups were cultured in 96-
well plates, treated with heme, and inhibited for 4 h. Then,
cell viability was assessed using the kit (Boster Biological
Technology Co. Ltd., Wuhan, China). N-acetyl-L-cysteine
(NAC) (#A9165, Sigma-Aldrich), an inhibitor of ROS, was
used to detect the changes in ROS and cell viability after
different stimulations.

2.8 | Synthesis and biotinylation of 66PR
compound and molecule docking

The synthesis of 66PR compound and the characteriza-
tion data were previously described.”’” 66PR compound
was linked with biotin. Molecular docking was performed
between the PDBID:6NPY of NLRP3 and 66PR using Dis-
covery Studio 2019 software.

2.9 | Co-immunoprecipitation

The cells were treated with biotin-66PR. After treat-
ment, the cells were collected to prepare proteins and co-
immunoprecipitation was performed using the Pierce co-
immunoprecipitation (Co-IP) kit (Thermo Scientific, USA)
according to the manufacturer’s instructions. In brief,
20 ug of anti-biotin was added directly to the resin in the
spin column. The column was capped and incubated at

3

room temperature for 90-120 min using a rotating body
or mixer. After the antibody was immobilized, the pro-
tein extracts (500ug) were added to the resin, followed by
overnight incubation at 4°C. Following the elution of Co-
IP samples, SDS-PAGE samples were prepared and fur-
ther immunoblotted with anti-NLRP3 antibody. The con-
trol was IgG isotype (#ab109489, Abcam, 1:1000).

2.10 | Treatment of hemolysis-affected
mice with chemical inhibitor

66PR (5 mg/kg) and MCC950 (5 mg/kg, #5.38120,
Sigma-Aldrich) were administered intraperitoneally to
hemolysis-affected mice. The control hemolyzed animals
received PBS. After 4 h, peripheral blood was collected for
cell counts and biochemical tests. After sacrifice, partial
kidney tissues were collected from mice for paraffin
sections and frozen sections.

2.11 | Statistical analysis

All in vitro experiments were repeated at least three times,
and in vivo experiments included the indicated number
of mice. Values are presented as the mean + SD. Two-
group comparisons were performed using Student’s t-test.
P-values less than .05 were considered significant. Sta-
tistical analyses were performed using SPSS version 16.0
(Chicago, IL, USA).

3 | RESULTS

3.1 |
heme

RTECs were directly impaired by

To investigate whether RTECs were directly impaired by
heme, we first established a murine model of AHTR
through plasma transfusion (Figure 1A). After transfu-
sion, the RBC count became lower (Figure S2A) and free
hemoglobin level increased in the peripheral blood (Fig-
ure S2B) demonstrated that hemolysis occurred in mice.
Furthermore, there were more poikilocytes in the blood
smears from the hemolysis mice than those from the con-
trol (Figure S2C,D). Direct Coomb’s test also indicated
that the RBCs from hemolysis-affected mice showed a
positive reaction, while those from control mice showed
a negative reaction (Figure S2E). Moreover, there was
more free hemoglobin in the urine from the hemolysis
group than the control group (Figure S2F,G). These data
demonstrated that these mice underwent acute hemolysis
after transfusion. Additionally, CREA (Figure S2H), BUN
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concentration of chemical heme. (bar = 50um). H and J, Primary RTECs and HK-2 cells were stimulated for 4 h with 50 uM chemical heme.
The detection of TIM-1 and NGAL by laser confocal microscope (bar = 50um) and quantity of containing TIM-1* foci and NGAL* foci. The
rightmost panel was enlarged from the white box of neighbor panel. DAPI: blue) CK18: green, TIM-1: red, NGAL: red. Each data represented

sokok

five mice per group. The quantity counts are shown as mean+SD. “P < .05; “'P < .01; and " P < .001
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(Figure S2I), and LDH (Figure S2J) were significantly
increased in the hemolysis group than those in the con-
trol group. These data suggest that AHTRs cause serious
damage to kidney function. Pathological analysis of kid-
ney tissue sections revealed that some RTEC regions were
necrotic in the hemolysis group, and the RTEC region
necrosis scores were higher in the hemolysis group than in
the control group (Figure S1B). Because RTECs are instru-
mental in kidney reabsorption, we evaluated whether
these cells were injured when hemolysis occurred. As
shown in Figure 1C,D, more fluorescence signals due to
T-cell immunoglobulin and mucin domain 1 (TIM-1) and
neutrophil gelatinase-associated lipocalin (NGAL), mark-
ers of renal tubular damage, were observed in the kid-
ney tissue sections of the hemolysis group than in those
of the control group. The results of western blotting also
showed that the levels of TIM-1 and NGAL were signifi-
cantly increased in the hemolysis group than those in the
control group (Figure S2N). These results implied that an
AHTR resulted in RTEC injury.

Because hemolysis could produce large amounts of
heme, we directly used the supernatant from destroyed
murine RBCs to challenge the mice, as shown in Figure 1E.
We found that heme from RBCs induced higher levels of
CREA (Figure S2K), blood urea nitrogen (Figure S2L), and
LDH (Figure S2M), which indicated that heme triggered
kidney function injury. Furthermore, once hemes from
RBCs were administered in vivo, similar damage morphol-
ogy was observed in the kidney tissue sections (Figure 1F).
Altogether, these observations demonstrate that RTECs are
injured by hemes from RBCs in vivo.

Next, we investigated whether hemes directly injured
the RTECs. After adding chemical hemes to the RTECs
from the primary culture, more injured cells (above 50 uM
hemes) were observed under a light microscope (Fig-
ure 1G), and immunofluorescence staining demonstrated
that the damage markers exhibited stronger signals (Fig-
ure 1H). Moreover, when HK-2 cells were co-cultured with
chemical hemes, similar morphological phenomena were
observed (Figure 11,J). Taken together, these data demon-
strate that hemes can directly impair RTECs.

3.2 | Hemes activated NLRP3
inflammasome to damage RTECs

Bulks of evidence have reported that inflammasomes
play a key role in kidney damage. To determine how
hemes damage primary RTECs, we turned to the NLRP3
inflammasome. We first identified whether the NLRP3
inflammasome was present in primary RTECs. The NLRP3
inflammasome components, including NLRP3, ASC, and
pro-caspase-1, were detected in RTECs from mice after a

3

chemical heme treatment (Figure 2A). According to the
caspase-1p20 level in the supernatant of primary RTECs
stimulated by hemes, the pro-caspase-1 protein was suc-
cessfully cleaved (Figure 2A). We also observed that IL-13
levels increased in the supernatant of primary RTECs
stimulated by chemical hemes (Figure 2B). To further con-
firm this finding, we employed HK-2 cells to conduct the
investigation and obtained similar results (Figure 2C,D).
Further, we found that chemical hemes resulted in the for-
mation of pores on the surface of primary RTECs and HK-2
cells under electron microscopy (Figure 2E,F). Here, the
GSDMD-induced pores demonstrated in our study were
approximately 50 nm in diameter, which is much smaller
than the pores on MCF-7 cells (approximately 700 nm in
diameter, measured through atomic force microscopy).*!
However, they are larger than those of tumor cells
(30 nm under a scanning electron microscope)*? and bone
marrow-derived macrophages (~18nm).*> Immunofluo-
rescence analysis revealed that the percentage of GSDMD-
N (the executive molecule in pyroptosis) foci significantly
increased in primary RTECs and HK-2 cells after chemical
heme stimulation (Figure 2G,H). Meanwhile, western blot-
ting showed that cleaved GSDMD was obviously increased
under heme stimulation in primary RTECs and HK-2
cells (Figure 2A,C). These data demonstrated that hemes
activated the NLRP3 inflammasome in RTECs in vitro.

Next, we explored whether the NLRP3 inflammasome
was activated in vivo after hemolysis. As shown in Fig-
ure 3A-D, more caspase-1p20, IL-153, and GSDMD proteins
were found in the RTECs of mice transfused with human
blood plasma than in those of the controls. As expected,
similar observations were noted in the RTECs of mice
injected with hemes from murine destroyed RBCs (Fig-
ure 3E-H). We also found more immunofluorescence sig-
nals of GSDMD-N in RTECs from hemolysis-affected ani-
mal model kidneys than in those from the controls (Fig-
ure 31, J), suggesting that more pyroptosis of RTECs was
induced by hemolysis. Altogether, these results suggested
that hemes activated the NLRP3 inflammasome in RTECs
in vivo.

The NLRP3 inflammasome is classically activated by
the outflow of potassium (K*), mitochondrial damage,
and reactive oxygen species (ROS).'° Here, we also inves-
tigated the mechanism of NLRP3 inflammasome activa-
tion in HK-2 cells following heme stimulation. We found
that the K+ concentration in the supernatant of HK-2 cells
increased after chemical heme challenge (Figure S3A).
Moreover, when potassium was added to the culture sys-
tem of HK-2 cells stimulated by chemical hemes, IL-15,
and cleaved caspase-1 levels were significantly decreased
(Figure S3B-D). These data indicated that the outflow of
K* was involved in the activation of the NLRP3 inflam-
masome in HK-2 cells via heme. When we analyzed the
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FIGURE 2 Heme injured renal tubular epithelial cells through NLRP3 inflammasome activation in vitro. A, Primary RTECs

were stimulated for 4 h with 50uM chemical hemes. Western blot analysis for NLRP3, pro-caspasel, caspaselp20, pro-IL-13, IL-18, and
GSDMD in RTECs after challenge. Total RTECs lysates (CL) and supernatants (SN) using indicated antibodies were detected after
stimulation. B, ELISA analysis of IL-18 in primary RTECs supernatants. C, HK-2 cells were stimulated for 4 h with 50 uM chemical hemes.
Western blot analysis for NLRP3, pro-caspasel, caspaselp20, pro-IL-14, IL-13, and GSDMD in HK-2 cells after challenge. Total HK-2 lysates

(CL) and supernatants (SN) using indicated antibodies were detected after stimulation. D, ELISA analysis of IL-13 in HK-2 cells supernatants.

E and F, Scanning electron microscopy observation of primary RTECs and HK-2 cells (Magnification: the upper = 1000x; the

lower = 10 000x) pyroptotic pore numbers after 50 uM chemical hemes treatment. The lower panel was enlarged from the white marked area
of upper panel. G and H, The observation of nuclei (DAPI, blue) and GSDMD (red) foci of RTECs and HK-2 cells by laser confocal microscope
(bar = 50um) and quantity of primary RTECs containing GSDMD™ foci. The rightmost panel was enlarged from the white box of neighbor

panel. Data shown represent the mean + SD from at least triplicate measurements. ‘P < .05; P < .01;

mitochondrial membrane potential and ROS by fluores-
cent probes after chemical heme administration, we found
that the mitochondrial membrane potential decreased
(Figure S3E), while the ROS levels were upregulated dra-
matically (Figure S3F) in HK-2 cells. We also observed that
the ROS inhibitor, NAC, decreased the ROS level (Figure

Hok

P <.001

S3G), and the cell viability increased (Figure S3H) in chem-
ical heme treated HK-2 cells. Altogether, these data suggest
that the K* concentration, mitochondrial injury, and pres-
ence of ROS are involved in the activation of the NLRP3
inflammasome in renal tubular epithelial cells resulting
from heme.
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NLRP3 inflammasome was activated by hemes in the murine models of hemolysis. The animal model of hemolysis

was established by transfused with human plasma as mentioned above, then followed by (A-D, I-J). A, Primary RTECs were isolated from
transfusion mice and cultured for 2 h at 37°C. Proteins were prepared from the mixture of cells and the supernatant to perform the western
blot of NLRP3, ASC, Caspasel, IL-13, and GSDMD. B-D, Densitometry analyses of caspase-1, GSDMD, and IL-15 based on (A). The animal
model of hemolysis was established by injection of mice heme from destroyed RBCs, followed by (E-H). E. Western blot analysis for indicated
proteins in primary RTECs from mice. F-H, Densitometry analyses of IL-15, Caspase-1, and GSDMD based on (E). I, The observation of
GSDMD (red) foci of RTECs from the animal models of hemolysis transfused with human plasma by laser confocal microscope. J, Quantity of
RTECs containing GSDMD* foci, according to (I). Each data represented five mice per group, and quantity data are shown as mean + SD.
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3.3 | NLRP3 gene knockout could
prevent the damage of heme in RTECs

Considering that the NLRP3 inflammasome was activated
in heme-injured RTECs, we investigated whether NLRP3
gene deficiency could relieve kidney function injury due to
hemes. Hence, we used NLRP3 knockout mice. We found

that pro-caspase-1 was not cleaved in the primary RTECs
from NLRP3 gene knockout mice after chemical hemes
were administered (Figure 4A). Consistently, the levels of
IL-18 in NLRP3~/~ primary RTECs after chemical heme
treatment were significantly lower than those in the con-
trols (Figure 4A). The pyroptotic pores on the primary
NLRP3~/~ RTEC surface were fewer than those on the
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control RTEC surface after chemical heme stimulation
(Figure 4B). The GSDMD-N immunofluorescence signals
were also lower in NLRP3~/- RTECs after stimulation com-
pared to those in the controls (Figure 4C). Based on these
observations, we believe that the NLRP3 inflammasome
could not be fully activated by heme in RTECs with NLRP3
gene deficiency.

Consequently, we investigated kidney function in
AHTRs using NLRP3 gene-deficient animal models
(Figure 4D). We found that hemolysis was in remission in
NLRP3~/~ mice with an AHTR based on the reduction in
urine-free hemoglobin levels (Figure 4E). BUN (Figure 4F)
and CREA (Figure 4G) were also lower in the peripheral
blood of hemolysis-affected NLRP3~/~ mice than in that
of control mice. When the kidneys were excised from mice
and sectioned, H&E staining showed that more integrated
tissue structures were maintained in the NLRP3 gene-
deficient mice, and the RTEC region necrosis scores were
lower in the NLRP3~/~ group than in the control group
(Figure 4H). Furthermore, immunofluorescence analysis
indicated fewer TIM-1 and NGAL signals in the tissue
sections of NLRP3 gene-deficient mice than those in the
control group (Figure 4I). Taken together, these results
demonstrated that NLRP3 gene knockout could partially
prevent RTEC damage, which in turn recovered kidney
function in the AHTR.

3.4 | 66PR could inhibit NLRP3
inflammasome activation in RTECs
imposed by hemes

Since NLRP3 gene deficiency benefited RTECs in hemol-
ysis, we tried to refrain NLRP3 directly using chemi-
cal inhibitors. We previously reported that a compound
named 66PR could inhibit NLRP3 inflammasome activa-
tion in mesenchymal stromal cells.”” We first computed the
interaction between 66PR and NLRP3 protein by molecu-
lar docking. As shown in Figure S4, 66PR directly bound
to the ATPase of NLRP3 NACHT domain to form a stable
complex, which could inhibit the oligomerization and acti-
vation of NLRP3. We used co-immunoprecipitation to test
this prediction. We observed that 66PR could directly com-
bined with NLRP3 (Figure 5A,B) in HK-2 cells. These data

3

indicated that 66PR could recognize and directly bind to
the NLRP3 protein in renal tubular epithelial cells.

To investigate the effect of 66PR on NLRP3 inflam-
masome activation in RTECs, we stimulated primary
RTECs with chemical hemes and 66PR together. MCC950
was used as the positive control for 66PR inhibition,
which was a well-defined chemical inhibitor of NLRP3
inflammasome.” We found that caspase-1p20 and IL-18
in the supernatant of primary RTECs were decreased by
66PR and MCC950, according to western blot bands (Fig-
ure 5C-E). ELISA also showed that 66PR and MCC950
inhibited the secretion of IL-18 in primary RTECs (Fig-
ure 5G). We further confirmed this finding in HK-2 cells,
and found that caspase-1p20 and IL-18 were also reduced
by a chemical inhibitor (Figure 5A-C). These results indi-
cated that 66PR and MCC950 inhibited the activation of
the NLRP3 inflammasome in RTECs and HK-2 cells result-
ing from hemes in vitro. Moreover, we observed cellular
injury remission after 66PR or MCC950 administration in
primary RTECs (Figure 5H) and HK-2 cells treated with
chemical hemes (Figure S5E). At the same time, cell viabil-
ity also increased after 66PR treatment (Figure S6D). The
GSDMD-N immunofluorescence signals were also lower
in the chemical hemes and 66PR co-cultured groups than
in the chemical heme-treated groups (Figure 5I; Figure
S5F). Meanwhile, western blotting showed that cleaved
GSDMD was obviously decreased by 66PR or MCC950 in
both primary RTECs (Figure 5F) and HK-2 cells (Figure
S5D). These results indicated that 66PR inhibited heme-
induced pyroptosis, as well as MCC950. We then tested the
effect of 66PR on the activation of the NLRP3 inflamma-
some and found that 66PR inhibited the outflow of K+
and ROS signals (Figure S6A,C), but it did not inhibit the
mitochondria damage (Figure S6B). Altogether, these data
revealed that 66PR could inhibit NLRP3 inflammasome
activation resulting from hemes in renal tubular epithelial
cells.

3.5 | 66PR recovered kidney function in
hemolysis-affected mice

Given that 66PR could inhibit NLRP3 inflammasome acti-
vation after hemes challenge, we investigated whether

NLRP3~/- RTECs and control mice RTECs by laser confocal microscope (bar = 50um). D, The animal model of hemolysis was established by

the injection of human blood plasma. E, The urine was collected from each group and analyzed free hemoglobin. F-G, The analysis of blood

urea nitrogen (BUN) and the creatinine (CREA). H, The H&E staining of kidney section from NLRP3~/~ and control hemolysis mice kidney

section (bar = 200 um), and the tubular cell necrosis scores. The lower panel was enlarged from the green box of upper panel to show the
tubular damage region. I, The detection of TIM-1 and NGAL by laser confocal microscope and quantity analysis of containing TIM-1* foci and
NGAL*foci in NLRP3~/~ and control hemolysis mice kidney section (bar = 200um). Each data represented data five mice per group. Data

shown represent the mean =+ SD from at least triplicate measurements. P < .05; P < .01; P < .001
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66PR could relieve RTECs damage due to hemes. We found
that fewer immunofluorescence signals of TIM-1 (Fig-
ure 5J) and NGAL (Figure 5K) were observed in primary
RTECs with chemical heme treatment after 66PR admin-
istration. When HK-2 cells were employed, we observed a
similar phenomenon (Figure S5G,H). These data demon-
strate that 66PR could relieve RTEC damage from hemes.

We then wanted to determine whether 66PR could pro-
tect kidney function in the case of AHTRs. In the ani-
mal model of hemolysis (Figure 6A), we found that the
free hemoglobin in the urine significantly decreased with
66PR treatment, suggesting that 66PR alleviated hemol-
ysis (Figure 6B,C). We also tested BUN (Figure 6D) and
CREA (Figure 6E) levels in the peripheral blood and
found that the values were decreased in hemolysis-affected
mice after 66PR treatment . When the kidneys were
excised from mice and sectioned, hematoxylin-eosin stain-
ing revealed less injury to the tissues from the 66PR-
treated mice and the RTEC region necrosis scores were
lower in the inhibitor group than in the control group
(Figure 6F,G). Furthermore, immunofluorescence anal-
ysis showed weaker TIM-1 (Figure 6H,I) and NGAL
(Figure 6J,K) signals in the sections from 66PR-treated
hemolysis-affected mice than in those of controls. More-
over, when were injected with human plasma at lethal
doses, mice treated with 66PR or MCC950 survived, while
the controls died in a short time (Figure 6L). Taken
together, these data suggest that 66PR is helpful in the
fight against kidney function impairment resulting from
AHTRs, and the therapeutic efficacy of 66PR on AHTRs
was much closer to that of MCC950.

4 | DISCUSSION

In the current study, we found that hemes could damage
RTECs by activating NLRP3 inflammasome both in vitro
and in vivo. NLRP3 gene knockout could prevent damage
to RTECs caused by hemes and recover kidney function in
an AHTR. A novel chemical inhibitor named 66PR binds
to the NLRP3 protein and inhibits inflammasome activa-
tion in RTECs, which consequently relieves kidney func-
tion injury caused by hemes. We believe that these find-
ings are important for managing the toxic effects of heme
on kidney function. Moreover, our findings were helpful in
elucidating the mechanism of RTEC damage and the ther-
apeutic target in AHTRs in more detail.

The classical concept of kidney function impairment
resulting from AHTRs lies in renal tubule obstruction
due to free hemoglobin crystals, microthrombosis of
renal microvascular spasm, and tubular epithelial cell
necrosis.>”** Hemes produced in AHTRs come in contact
with all cells in the kidney, including RTECs. Our find-

3

ing that heme targets RTECs directly, which is consistent
with previous studies reporting that hemes damage kidney
tissue.!%!! These findings are significant for the develop-
ment of novel strategies targeting RTECs to prevent kidney
function failure caused by hemes.

We revealed the role of NLRP3 inflammasomes in RTEC
damage due to hemes. NLRP3 inflammasomes have been
classically clarified the roles in immune cells such as
macrophages, neutrophils, and dendritic cells.*>*” How-
ever, we, and other research groups, have previously con-
firmed that the NLRP3 inflammasome can be activated in
non-immune cells, including hepatic cells, skin cells, and
mesenchymal stromal cells.?’**33-42 We now provide evi-
dence that NLRP3 inflammasome signaling also exists in
RTECSs, which further confirms that the NLRP3 inflam-
masome is an universal signal beyond immune cells.
However, although hemes target various organs such as
the liver, brain, and intestine, the detailed cellular and
molecular mechanisms are not yet fully clarified, espe-
cially those in the kidney. Some researchers have reported
that in kidney disease models, such as unilateral ureteral-
obstructed mice and chemical reperfusion-injured mice,
NLRP3 expression was augmented.'’”'? However, more
detailed information is not provided. Here, we proved that
hemes activated the NLRP3 inflaimmasome and injured
RTECs, resulting in kidney function failure. Therefore,
our observations demonstrated the role of the NLRP3
inflammasome as a bridge between RTEC function fail-
ure and heme toxicity. IL-15 is a major pro-inflammatory
factor of NLRP3 inflammasome activation. IL-1a cleavage
can also be induced by NLRP3 inflammasome stimuli,*’
resulting in the co-secretion of both IL-la and IL-165. It
is unclear whether IL-l1a is involved in AHTRs. How-
ever, the receptors of IL-la and IL-15 are same, IL-1R.
Therefore, IL-1a and IL-18 have similar downstream bio-
logical characteristics. Recombinant human IL-1 receptor
antagonists have been used to treat rheumatoid arthritis.**
Thus, recombinant human IL-1 receptor antagonists may
directly neutralize IL-15 and ameliorate AHTRs. However,
this requires further investigation in the future. Ours and
other groups’ findings suggest that RTECs and the NLRP3
inflammasome are possible targets for developing new
strategies for controlling kidney function failure.

Glibenclamide was reported to relieve chronic kidney
diseases through NLRP3,!' which promoted the devel-
opment of NLRP3 inflammasome inhibitors with small
molecules. Based on cellular and molecular exploration,
we used a previously developed NLRP3 inhibitor,?” 66PR.
As expected, 66PR successfully countered RTEC damage
due to hemes, which relieved kidney function damage
in the AHTR murine models. This 66PR is not the only
chemical NLRP3 inhibitor in development hitherto. Other
NLRP3 inhibitors, including MCC950 and CY-09, have
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66PR and MCC950 compound relieved the damage of kidney function in hemolysis mice. A, The animal

experimental scheme. B, The urine were collected from transfusion mice administrated with inhibitors. C, the analysis of free haemoglobin in

urine of transfusion mice administrated with inhibitors. D-E, The analysis of CREA and BUN in inhibitors administrated mice with

transfusion. F, The H&E staining of kidney section from hemolysis mice injected with inhibitors (bar = 200um). The lower panel was enlarged
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been extensively studied.”>?® MCC950, a type of thiourea
compound, is a specific inhibitor of NLRP3 and has been
once administered to hypertensive kidney and renal fibro-
sis induced by oxalate crystallization animal models.*>*°
The NLRP3 inhibition mechanism of MCC950 involves
the binding of this compound to the Walker B motif of
the NATCH domain and the prevention of hydrolysis,
which decreases inflammasome packaging and activation.
MCC950 can also change the conformation of NLRP3*+47
and recognize the adenosine triphosphate motif of the
NATCH domain to stop the packaging and activation of
NLRP3 inflammasomes.*°

Different from MCC950, 66PR is a compound of the 5-
FUMCL family derived from micheliolide (MCL). MCL,
a sesquiterpene lactone isolated from Magnoliaceae, has
anti-inflammatory effects on intestinal inflammation,
colitis-associated cancer, rheumatoid arthritis, and dia-
betic nephropathy.*>#*’ Moreover, N-substituted pyrimi-
dine nucleobases have attracted much interest because
of their potential use as anti-neoplastic, antiviral, and
anticancer agents.’® The incorporation of fluorine into
molecules is a powerful strategy in medicinal chemistry
to modulate their hydrophobic character.”’ Although the
chemical structure of 66PR is completely different from
that of MCC950, we found that both inhibitors could
relieve RTEC damage and kidney function failure in
AHTRs. The reason why these different kinds of inhibitors
were effective in the hemolysis model therapy could not be
determined in this study, but we believe that one possible
explanation is their common target, NLRP3. According to
the molecule docking, we predicated 66PR directly binds
to the ATPase of NLRP3 NACHT domain, which is much
similar to that of MCC950.*” But more details should be
elucidated.

The current study has several limitations. One concern
is that conditional NLRP3 gene knockout mice were not
used here. The RTEC-specific gene mutation animal model
is not easily established because our group lacks a spe-
cific promoter. Moreover, a specific single marker of RTECs
has not yet been fully defined. However, we used HK-
2 cells and primary murine RTECs in this study, which
partially eliminated this limitation. Second, we only tar-
geted the NLRP3 inflammasome, while other inflamma-
somes were not included in this study. We observed a small
amount of cleaved IL-15 even after NLRP3 gene knock-
out. One possible reason might be the presence of other

3

inflammasomes in RTECs. We previously found that the
caspase-11 inflammasome was also inhibited by 66PR,?’
which indicated that 66PR possibly inhibits inflamma-
somes other than NLRP3. Whether or not 66PR is a spe-
cific inhibitor of NLRP3 has not been reported in the
present study. The specificity and binding site of NLRP3
should undoubtedly be verified in future, as the research
in MCC950 or CY-09. Although 66PR recovered kidney
function failure induced by hemes through NLRP3 inhibi-
tion, we do not know whether the liver, lung, brain, and
other organ function, as well as hematopoiesis, can be
influenced or not. Once these concerns are clarified, the
application of 66PR in the future will have a high poten-
tial. Inflammasome-associated cell death includes both
pyroptosis and apoptosis.>®> For AHTRs, the renal tubu-
lar epithelial cells that suffer from apoptosis or pyropto-
sis require further investigation. Since delayed hemolytic
transfusion reactions, hyperhemolysis, and passenger lym-
phocyte syndrome in transplant recipients are now becom-
ing new challenges in current clinical transfusion practice,
it is worth investigating whether NLPR3 also plays a role in
these HTRs.

5 | CONCLUSION

The present study clarified a novel mechanism by which
hemes activate the NLRP3 inflammasome to damage
RTECs, which leads to kidney function failure. The inhi-
bition of NLRP3 inflammasome activation by a com-
pound called 66PR relieved heme damage to the kid-
neys. We provided a new possible target to treat kid-
ney function failure in AHTRs. Inhibition of the NLRP3
inflammasome may also be beneficial in other diseases,
such as sickle anemia, $-thalassemia, plasmodium infec-
tion, and rhabdomyolysis, which produce many hemes.
Therefore, the NLRP3 inflammasome inhibition strategy
has potential application prospects in protecting renal
function.
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