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Introduction: Dysregulation of NLRP3 inflammasome complex formation can promote
chronic inflammation by increased release of IL-1b. However, the effect of NLRP3
complex formation on tumor progression remains controversial. Therefore, we sought
to determine the effect of NLRP3 modulation on the growth of the different types of cancer
cells, derived from lung, breast, and prostate cancers as well as neuroblastoma and
glioblastoma in-vitro.

Method: The effect of Caspase 1 inhibitor (VX765) and combination of LPS/Nigericin on
NLRP3 inflammasome activity was analyzed in A549 (lung cancer), MCF-7 (breast
cancer), PC3 (prostate cancer), SH-SY5Y (neuroblastoma), and U138MG (glioblastoma)
cells. Human fibroblasts were used as control cells. The effect of VX765 and LPS/Nigericin
on NLRP3 expression was analyzed using western blot, while IL-1b and IL-18 secretion
was detected by ELISA. Tumor cell viability and progression were determined using
Annexin V, cell proliferation assay, LDH assay, sphere formation assay, transmission
electron microscopy, and a multiplex cytokine assay. Also, angiogenesis was investigated
by a tube formation assay. VEGF and MMPs secretion were detected by ELISA and a
multiplex assay, respectively. Statistical analysis was done using one-way ANOVA with
Tukey’s analyses and Kruskal–Wallis one-way analysis of variance.

Results: LPS/Nigericin increased NRLP3 protein expression as well as IL-1b and IL-18
secretion in PC3 and U138MG cells compared to A549, MCF7, SH-SY5Y cells, and
fibroblasts. In contrast, MIF expression was commonly found upregulated in A549, PC3,
SH-SY5Y, and U138MG cells and fibroblasts after Nigericin treatment. Nigericin and a
combination of LPS/Nigericin decreased the cell viability and proliferation. Also, LPS/
Nigericin significantly increased tumorsphere size in PC3 and U138MG cells. In contrast,
the sphere size was reduced in MCF7 and SH-SY5Y cells treated with LPS/Nigericin,
while no effect was detected in A549 cells. VX765 increased secretion of CCL24 in A549,
MCF7, PC3, and fibroblasts as well as CCL11 and CCL26 in SH-SY5Y cells. Also, VX765
org February 2021 | Volume 11 | Article 6078811
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significantly increased the production of VEGF and MMPs and stimulated angiogenesis
in all tumor cell lines.

Discussion: Our data suggest that NLRP3 activation using Nigericin could be a
novel therapeutic approach to control the growth of tumors producing a low level
of IL-1b and IL-18.
Keywords: NLRP3, inflammasome, cancer, IL-1b, nigericin
INTRODUCTION

A chronic inflammatory microenvironment is one of the
predisposing factors that can stimulate malignant transformation
(1). The tumor microenvironment contains diverse inflammatory
constituents, leukocytes, pro-inflammation cytokines and tumor
cells (2), which can promote angiogenesis, tumor growth and
metastasis (2). The inflammasome, an intracellular oligomeric
protein complex, plays a key role in the regulation of
inflammation (3). Inflammasomes are activated in response to
pathogen-associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs) released from infected
cells, damaged tissues and tumors (4). PAMPs and DAMPs bind
to Toll-like receptors (TLR) and trigger the expression of pro-
inflammatory IL-1b and IL-18 cytokines (5). The most
characterized inflammasome, Nucleotide-binding domain
Leucine-rich Repeat (NLR) and Pyrin domain containing receptor
3 (NLRP3), is tightly regulated in resting cells (6). However, altered
expression of NLRP3 was found in several pathological conditions,
including cancer (6).

NLRP3 requires two signals: priming and activation (7).
Binding of PAMPs and DAMPs to TLRs prime the cells and
activate NLRP3 and Pro-Caspase 1 transcription (6, 8). Danger
associated ligands such as pore formation and potassium (K+)
efflux (9, 10), lysosomal destabilization/rupture (11, 12) and
mitochondrial reactive oxygen species release (ROS) (13)
provide the second signal promoting the assembly of an
adaptor, apoptosis-associated speck-like protein containing a
CARD (ASC) and Pro-Caspase 1 to form a functional
inflammasome complex (14, 15). The inflammasome then
cleaves the Caspase 1 which, subsequently releases active IL-1b
and IL-18 (16).

The role of inflammasomes was extensively investigated in
macrophages and dendritic cells (17). However, recently it was
demonstrated that NLRP3 activation is not an exclusive feature of
immune cells, and it was also detected in tumor cells (18–21), while
its role in tumorigenesis remains controversial. Some reports
indicate that aberrant activation of inflammasomes promotes
carcinogenesis and maintains the malignant microenvironment in
breast cancer, fibrosarcoma, gastric carcinoma, and lung metastasis
(22–24). In contrast, the anti-cancer effect of inflammasomes via
induction of pyroptosis and activation of the immune response was
shown to protect against colorectal cancer (25).

Recently, multiple inhibitors and activators of the NLRP3
inflammasome pathway were investigated as potential
therapeutics for inflammasome-linked diseases (26, 27). However,
org 2
the efficacy of inflammasome targeting treatment in cancers
remains unclear, due to the conflicting results obtained using
tumor cells. The anti-tumor activity of several compounds
targeting NLRP3 inflammasomes was studied, including Nigericin
and VX-765. Nigericin, a microbial toxin, activates NLRP3 by
inducing K+ efflux leading to the caspase-1 release and IL-1b
secretion (28, 29). The anti-tumor effect of Nigericin was
demonstrated in several carcinomas (30–34), however, it remains
unknown whether the anti-tumor effect of Nigericin is linked to
NLPR3. VX765 can block the caspase-1 ability to proteolytically
cleave pro-IL-1b and pro-IL-1 (26, 35). Although recent studies
demonstrated the potential therapeutic efficacy of VX765, its effect
on tumor cells is largely unknown (26, 35, 36).

Therefore, in this study, we sought to investigate in vitro
effects of Nigericin and VX765 on multiple tumor cell types
derived from a variety of cancers, including lung, breast, prostate,
as well as neuroblastoma and glioblastoma. We found that
tumors demonstrate different levels of NLRP3 inflammasome
activation and IL-1b and IL-18 secretion. In tumor cell lines
where NLRP3 activation and, IL-1b and IL-18 secretion are low,
Nigericin demonstrated an anti-tumor effect. In contrast, in
tumor cell lines where NLRP3 activation and, IL-1b and IL-18
secretion are high, although Nigericin triggers initial tumor cell
death, cells recover and tumors remain active.
METHODS

Cell Lines
Cell lines, A549 (non-small-cell lung cancer cell line), MCF7
(breast adenocarcinoma cell line), PC3 (prostatic small-cell-
carcinoma cell line), and SH-SY5Y (neuroblastoma cell line)
were purchased from the American Type Culture Collection
(ATCC; Rockville, USA). U138MG, a glioblastoma cell line was
kindly provided by Prof. Dr. Berrin Tunca (Uludag University of
Turkey). Cells were maintained in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS, Atlanta Biologicals), 2 mM L-glutamine, 25 U/ml
penicillin, and 25 mg/ml streptomycin. All cell lines were
grown at 37°C in a humidified chamber supplemented with
5% CO2.

Primary Cell Isolation and Maintenance
Primary fibroblast cells were isolated from human healthy skin
biopsies which were collected after the cosmetic surgery. Skin
fragments were crushed into small pieces (1–2 mm) and
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incubated in DMEM Low Glucose Medium (PanEco, Moscow,
Russia), supplemented with 10% FBS (HYCLONE, Utah, USA),
50 U/ml of penicillin, 50 µg/ml of streptomycin (PanEco,
Moscow, Russia), and 2 mM L-glutamine for seven days in a
5% CO2 humidified incubator at 37°C. On day 7, the culture
medium was replaced, and cells were cultured for 16–21 days.
Cells in their 4th passage were used in the experiments.

HUVECs were isolated from umbilical cord vein as described
previously [45–46]. Briefly, the umbilical vein was washed with
Dulbecco’s phosphate-buffered saline (DPBS) (PanEco, Moscow,
Russia). The umbilical vein was subjected to enzymatic
dissociation using 0.25% trypsin–EDTA (PanEco, Moscow,
Russia) for 20 min and detached endothelial cells were collected.
Collected cells were stained with anti-CD31 (PECAM-1) (SC-
13537), anti-CD105 (Endoglin) (sc-18838), and anti-CD146
(MelCam) (sc-18837 PE) (all from Santa Cruz Biotechnology,
CA) and analyzed using flow cytometry on FACS Aria III (Becton,
Dickinson and Company, Becton Drive Franklin Lakes, NJ) to
investigate their identity. Primary HUVEC cells were cultured in
the standard medium supplemented with, 1% of nonessential
amino acids (Gibco, Life Technologies, MA, USA), 5 U/ml of
heparin and 10 mg/L Endothelial cell growth supplement (Sigma,
St. Louis, USA), 10 ng/ml FGF2, 10 ng/ml vascular endothelial
growth factor (GenScript, NJ, USA), 10 ng/ml epithelial growth
factor (GenScript, NJ, USA), 10 ng/ml insulin-like growth factor
(GenScript, NJ, USA). Cells were maintained in a 5% CO2

humidified incubator at 37°C and used up to the 4th passage.

Ethics Statement
This study was done in accordance with the recommendations of
the Biomedicine Ethics Expert Committee of Kazan (Volga
region) Federal University, the Republic of Tatarstan, Russian
Federation with written informed consent from all subjects. All
subjects gave written informed consent in accordance with the
Declaration of Helsinki. Human tissue sample collection was
approved by the local Ethical Committee of Kazan (Volga
region) Federal University based on article 20 of the Federal
Legislation on “Health Protection of Citizens of the Russian
Federation”№ 323-FL, 21.11.2011. Signed informed consent was
obtained from each donor.

Western Blot
Total protein extracts were prepared using Sodium dodecyl
sulfate (SDS) reducing buffer (Biorad, CA, USA), separated on
8–12% gradient SDS polyacrylamide gels and transferred on
Polyvinylidene difluoride (PVDF) membranes (Biorad, CA,
USA). Membranes were blocked [Tris-buffered saline (TBS),
0.1% Tween 20, 5% BSA] for 1 h followed by overnight
incubation with the monoclonal rabbit anti-human NLRP3
(1:300, Invitrogen, IL, USA) antibody at 4°C. Membranes were
washed with TBS and 0.1% Tween 20 and incubated for 1 h at
room temperature with anti-rabbit IgG (1:1,000, Santa Cruz
Biotechnology, Germany) and mouse anti-human Actin Beta-
HRP conjugated (1:1,000, Sigma) antibodies. Western blot
results were visualized using Clarity Western ECL reagents
(Biorad, CA, USA) and a ChemiDoc XRS + (Biorad, CA,
Frontiers in Immunology | www.frontiersin.org 3
USA). Protein levels were quantified using NIH ImageJ
software version 1.52a.

Enzyme-Linked Immunosorbent Assay
Levels of IL-1b, IL-18, and VEGF were measured using
commercially available ELISAs (VECTOR-BEST, Novosibirsk,
Russia). Each ELISA analysis was done in triplicate. To quantify
IL-1b, IL-18, and VEGF levels, the absorbance of samples at 490
and 680 nm were measured using TECAN Infinite 200 Pro
fluorimeter (Grödig, Austria). The 680 nm absorbance
(background signal from the instrument) value was subtracted
from the 490 nm absorbance value.

Annexin V Analysis
Cell viability was assessed using APC Annexin V Apoptosis
Detection Kit with Propidium Iodide (Sony Biotechnology, USA)
according to manufacturer’s protocol. Stained cells were
immediately analyzed by flow cytometry using BD FACSAria
III (BD Biosciences, USA) and data processed with FlowJo
software package (FlowJo LLC, USA).

Real-Time Cell Proliferation Assay
The xCELLigence biosensor cell analysis system (ACEA
Biosciences, USA) was used for the real-time monitoring of
cell proliferation. Cells (5 × 103) were seeded in each well of E-
plate 16 (ACEA Biosciences, USA) for 24 h and used to
determine the cell index every 15 min.

Lactate Dehydrogenase Assay
Cells (2 × 104 cells/well) were plated in 96‐well plates and
incubated overnight (37°C, CO2). The medium was removed,
and cells were incubated with fresh medium containing VX765,
lipopolysaccharide (LPS) and Nigericin for 24 h. Medium (50 ml)
was collected and used for the LDH assays. Untreated cells were
treated with the lysis solution for 45 min and used as a positive
control to determine the maximum LDH release. The culture
medium was used as a negative control. LDH released by cells
into the medium was determined using the Pierce™ LDH
cytotoxicity assay kit (Thermo Scientific, Pierce Biotechnology,
Rockford, IL, USA) according to the manufacturer’s instructions.
To quantify LDH activity, the absorbance of samples at 490 and
680 nm was measured using TECAN Infinite 200 Pro
fluorometer (Grödig, Austria). The 680 nm absorbance
(background signal from the instrument) value was subtracted
from the 490 nm absorbance value. The cytotoxicity (%) was
calculated by (test sample − negative control)/(positive control −
negative control) × 100.

Sphere Formation Assay
Plates (24 well) were pre-coated with 250 ml of Matrigel
(BD Biosciences, Franklin Lakes, NJ, USA) and incubated at
37°C for 30 min. Tumor cells (1 × 104) were seeded onto the
Matrigel-coated plate and maintained in the culture medium (5%
CO2, 37°C). After 5 days, tumorspheres were analyzed using a
Zeiss Observer Z1 inverted microscope (Göttingen, Germany).
The size of spheres was measured using Axiovision Rel 4.5
software (Göttingen, Germany).
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https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Tezcan et al. Pharmacological Targeting NLRP3 in Cancer
JC-1 Staining to Detect Mitochondrial
Membrane Potential (Dym)
Cell monolayers were washed with PBS and incubated with 8 µM
of JC-1 solution at 37°C for 20 min. The supernatant was
removed; cell monolayers were washed twice with PBS and
incubated in medium for 24 h in 5% CO2 before analyzing by
flow cytometry using a BD FACSAria III (BD Biosciences, USA).
Data were processed using FlowJo software package (FlowJo
LLC, USA). The excitation wavelength was 490 nm at which the
JC-1 monomer was detected, and the emitting wavelength was
set to 530 nm, at which the JC-1 polymer was detected.

Cytokine Assay
The Bio-Plex Pro™ Human Chemokine Panel, 40-Plex and Bio-
Plex Pro™ Human MMP Panel, 9-Plex were used to analyze
samples according to the manufacturer’s recommendations. Fifty
microliters of sample were used for determining cytokine
concentration and data was analyzed using a Luminex 200
analyzer with MasterPlex CT control software and MasterPlex
QT analysis software (MiraiBio division of Hitachi Software San
Francisco, CA, USA).

Transmission Electron Microscopy
Transmission electron microscopy (TEM) was done using
0.3x106 cells following a standard protocol. Briefly, cells were
fixed in a 2.5% phosphate-buffered glutaraldehyde solution
(Merck, Kenilworth, NJ, USA) at 4˚C for 24 h. Cells were then
washed (2x PBS) and fixed with 1% OsO4 (Electron Microscopy
Sciences, Hatfield, USA) at room temperature for 1 h, dehydrated
using an ethanol gradient, and embedded in EPON (Electron
Microscopy Sciences, Hatfield, USA). Ultrathin sections (0,1 µm)
were contrasted with uranyl acetate and lead citrate and
examined using a transmission electron microscope (Hitachi
HT7700, Tokyo, Japan).

Endothelial Cell Tube Formation Assay
96-well plates were pre-coated with 50 ml of growth factor-
reduced Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) and
incubated at 37°C for 30 min. HUVECs (2 × 104) were seeded in
the Matrigel-coated wells and incubated with cell-free
supernatants derived from VX765, LPS and Nigericin treated
cells. VEGF (10 ng/ml) was used as a positive control. Tube
morphology was analyzed at 24 h and two wells per group were
counted. Tube numbers and branch length were measured and
analyzed using NIH ImageJ software version 1.52a.

Statistical Analyses
Statistical analysis was done using the IDE RStudio for the R
(version 3.6.0) software (RStudio, Boston, MA, USA). One-way
ANOVA with Tukey’s post hoc analysis was utilized to evaluate
the findings of ELISA, Annexin V, JC1, and sphere formation
assays, where the data were parametric. The Kruskal–Wallis one-
way analysis of variance for comparisons between individual
experimental groups was utilized for statistical analysis of the
LDH, Multiplex analyses and Tube formation assays, where the
Frontiers in Immunology | www.frontiersin.org 4
data were nonparametric. Data are presented as mean ± SE.
Significance was established at a value of p <0.05.
RESULTS

Analysis of NLRP3 Activation
and Inhibition After Nigericin
and VX765 Treatment
NLRP3 activation requires two signals: priming with
lipopolysaccharide (LPS) followed by activation, using
Nigericin or ATP (37). Therefore, to activate NLRP3 we
treated all cancer cells and fibroblasts with LPS, followed by
Nigericin. Nigericin and combination of LPS with Nigericin
(LPS/Nigericin) increased NLRP3 protein expression in all
tumor cell lines as compared to untreated tumor cells and in
Nigericin and LPS/Nigericin treated fibroblasts as compared to
untreated fibroblasts (Figures 1A–C and Supplementary
Figures 1A–C). Additionally, production IL-1b and IL-18 and
their levels in culture medium were increased in cells treated
with the combination of LPS/Nigericin (Figures 1D–F,
Supplementary Figures 1D–F). These data confirm that LPS/
Nigericin induces the formation of NLRP3 inflammasome
complex in all tumor cell lines and the fibroblasts. After LPS/
Nigericin treatment, the IL-1b production was higher in
U138MG (23.10 pg/ml cytosol vs 14.02 pg/ml medium)
(Figure 1D) and PC3 (42.34 pg/ml cytosol vs 9.95 pg/ml
medium) (Supplementary Figure 1D) cells compared to
untreated controls. In addition, after LPS/Nigericin treatment,
IL-1b production was higher in U138MG and PC3 cells
compared to LPS/Nigericin treated Fibroblasts (p <0.001 and
p <0.001). In fibroblasts, the IL-1b production was 9.16 pg/ml
cytosol vs 14.26 pg/ml medium after LPS/Nigericin treatment
(Figure 1F, Table 1). In contrast, IL-1b production and secretion
were the lowest in SH-SY5Y cells incubated with LPS/Nigericin
(IL-1b: 3.77 pg/ml cytosol vs 10.93 pg/ml medium) (Figure 1E).
IL-1b production in SH-SY5Y cells was significantly lower than
in fibroblasts (IL-1b: 9.16 pg/ml cytosol vs 14.26 pg/ml medium)
(p <0.001 and p <0.001). Additionally, although, IL-1b secretion
was induced in LPS/Nigericin treated MCF7 (11.89 pg/ml cytosol
vs 7.85 pg/ml medium) (Supplementary Figure 1E) and A549
cells (9.36 pg/ml cytosol vs 7.67 pg/ml medium) (Supplementary
Figure 1F), when compared to untreated MCF7 and A549 cells,
the production of IL-1b was lower than in LPS/Nigericin treated
U138MG and PC3 cells.

Similar to IL-1b, IL-18 production and secretion were
increased in all tumor cell lines treated with LPS/Nigericin
compared to untreated control (Table 1). IL-18 production
was higher in PC3 cells (13.83 pg/ml cytosol vs 11.40 pg/ml
medium) (Supplementary Figure 1D) compared to LPS/
Nigericin treated fibroblasts (10.96 pg/ml cytosol vs 7.10 pg/ml
medium) (p <0.001 and p <0.001). In contrast, LPS/Nigericin
leaded lower IL-18 production and release in SH-SY5Y (7.26 pg/
ml cytosol vs 7.81 pg/ml medium) (Figure 1E), MCF7 (7.29 pg/
ml cytosol vs 6.88 pg/ml medium) (Supplementary Figure 1E)
and A549 cells (10.39 pg/ml cytosol vs 5.52 pg/ml medium)
February 2021 | Volume 11 | Article 607881
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(Supplementary Figure 1F) compared to similarly treated
fibroblasts (p < 0.001). Interestingly, there were no statistically
significant differences in IL-18 production in U138MG (8.57 pg/
ml cytosol vs 7.80 pg/ml medium) (Figure 1D), SH-SY5Y cells
Frontiers in Immunology | www.frontiersin.org 5
(7.26 pg/ml cytosol vs 7.81 pg/ml medium), and fibroblasts
(10.96 pg/ml cytosol vs 7.10 pg/ml medium) after LPS/
Nigericin treatment (Figure 1F, Table 1). Collectively, our
findings demonstrate that IL-1b production is a more robust
A D

B E

C F

FIGURE 1 | Effect of NLRP3 modulation in U138MG and SH-SY5Y cells, where one of the highest and one of the lowest NLRP3 expression was observed and in
Fibroblasts: Nigericin (20 µM, Invivogen) treatment for 24 h with and without 3 h pre-incubation with LPS (1 µg/ml, Sigma, St. Louis, USA) was used to activate the
NLRP3 inflammasome. To inhibit Caspase 1, cells were treated with VX765 (20 µM, Invivogen). (A–C) NLRP3 protein expression was demonstrated by western blot.
(D–F) IL-1b and IL-18 levels were quantified, from inside the cells and in the medium representing levels secreted from the cells, by ELISA. the cells by ELISA.
U, Untreated; V, VX765; L, LPS; N, Nigericin; LN, LPS/Nigericin. *p < 0.05, n = 3.
TABLE 1 | Summary of the significantly altered cytokines in tumor cells and fibroblasts following NLRP3 modulation (compared to untreated controls) (p < 0.05, full data
available in Supplementary Table 4).

VX765 LPS Nigericin LPS& Nigericin

A549 ↓CXCL1 ↓CXCL1, IL6, CXCL8, CCL13, CCL22
↑GMCSF ↑MIF ↑GMCSF, MIF

MCF – ↑CCL23 ↑CXCL8,
CCL13

↑CCL21, CCL27, CXCL5, CCL11, CCL26, CXCL6,
GMCSF, CXCL1, CXCL2, CCL1, IFNg, IL4,
CXCL8, IL10, CCL8, CCL7, CCL13, CXCL9,
CCL20, CCL23, CCL25

PC3 – – ↑MIF ↑CCL21, CCL11, GMCSF, CCL1, IL4, CCL8,
CCL22, CXCL9, CCL3, CCL23, CCL17, TNFa

SH-SY5Y ↑CCL11,
CCL26

↑CCL21, CCL11, CCL24, CCL22, TNFa ↑MIF ↑CXCL5, CCL24, IL2, CCL7, CCL22, CCL3, TNFa

U138MG – – ↑MIF ↑MIF
Fibroblasts – ↑CCL21, CXCL13, CCL27, CXCL5, CCL11, CCL24, CCL26, GMCSF, CXCL1,

CXCL2, CCL1, IL2, IL4, IL6, CXCL8, IL10, IL16, CXCL10, CXCL11, CCL2,
CCL8, CCL7, CCL22, CXCL9, CCL5, CCL20, CCL19, CCL23, CXCL16,
CXCL12, CCL17, CCL25

↑MIF –
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indicator than IL-18, of NLRP3 activation across the panel of
cells investigated here. The NLRP3 activation ability and IL-1b,
IL-18 secretions were also confirmed after treatment with LPS/
ATP in PC3 (one of the high NLRP3 expressed cell lines) and
MCF7 (one of the low NLRP3 expressed cell lines) cells. After
LPS/ATP treatment, the expression levels of NLRP3 were similar
to that of cells after LPS/Nigericin treatment (Supplementary
Figure 2).

VX765 as a single agent did not significantly affect NLRP3
protein expression (Figures 1A–C, Supplementary Figures 1A–C)
in any cell lines. When cells were treated with VX765, the effect of
LPS/Nigericin on IL-1b and IL-18 release was significantly reduced
in most of the cell lines investigated (p < 0.05; Figures 1D–F,
Supplementary Figures 1D–F, Supplementary Table 1). As an
inflammasome inhibitor, the effect of VX765 was confirmed by
another NLRP3 inhibitor, Glybenclamide in PC3 and MCF7 cells
(Supplementary Figure 2). These data suggest that VX765 did not
affect on NLRP3 expression but has an indirect mechanism of
action of inflammasome inhibition, potentially via hindering
Caspase 1 activity whereas Glybenclamide directly suppressed
NLRP3 expression.

Nigericin Inhibits, While VX765 Stimulates
Tumor Cell Viability and Proliferation
The effect of Caspase 1 inhibition and NLRP3 activation on cell
viability was demonstrated using Annexin-V-FITC/PI assay.
Cells demonstrate both, Annexin V and PI when non-
apoptotic programmed cell deaths is induced (38). Tumor cell
lines and fibroblasts were treated with VX765, LPS, Nigericin and
LPS/Nigericin. VX765 had a limited effect on the percentage of
Annexin V and PI positive cells in all cell lines (p > 0.05, Figure
2, Supplementary Figure 3, Supplementary Table 2). LPS
decreased the percentage of PC3 and SH-SY5Y cells positive
for Annexin V and PI compared to untreated controls (PC3 and
SH-SY5Y: p < 0.05, Figures 2A, B), while the number of Annexin
V and PI positive A549, MCF7 and U138MG cells were not
affected (A549, MCF7, and U138MG: p > 0.05, Supplementary
Figures 2A, B). LPS increased the percentage of fibroblasts
positive for Annexin V & PI compared to untreated controls
(p = 0.013, Figure 2C).

Treatment with Nigericin alone significantly increased the
percentage of Annexin V and PI positive cells in all cell lines
compared to untreated controls except MCF7 and fibroblasts
(p < 0.05). (Figure 2, Supplementary Figure 2). Similarly, LPS/
Nigericin significantly increased the percentage of Annexin V
and PI positive cells in all cell lines (p < 0.001, Figure 2,
Supplementary Figure 3, Supplementary Table 2). The effect
of Nigericin and LPS/Nigericin on PC3 cells, where NLRP3
expression was the highest, and SH-SY5Y, where NLRP3
activation was the lowest is shown in Figures 2A, B. The
percentage of Annexin V & PI positive cells after Nigericin and
LPS/Nigericin treatments were significantly higher in PC3 cells
compared to fibroblasts (p < 0.001 and p < 0.001). In addition,
although the percentage of Annexin V & PI cells in Nigericin and
LPS/Nigericin treated SH-SY5Y cells was higher than in
fibroblasts (p < 0.001 and p < 0.001), it was significantly lower
Frontiers in Immunology | www.frontiersin.org 6
than in equivalently treated PC3 cells (p < 0.001 and p < 0.001).
In U138MG cells, where Nigericin and LPS/Nigericin induced
one of the highest NLRP3 expressions, the percentage of
Annexin V & PI cells was significantly higher than in
equivalently treated fibroblasts (p < 0.001 and p < 0.001).
Similarly, in MCF7 and in A549 cells, where Nigericin and
LPS/Nigericin induced low inflammasome expression, the
percentage of Annexin V & PI cells was significantly higher
compared to equivalently treated fibroblasts. It should be noted
that the percentage of Annexin V & PI cells in MCF7 and A549
cells was lower than in equivalently treated PC3 and U138MG
cells. The effect of Nigericin and LPS/Nigericin on U138MG,
MCF7, and A549 cell vitality is shown in Supplementary
Figures 3 A–C. The effect of NLRP3 stimulation and
inhibition on tumor cell viability was also confirmed by
activating NLRP3 by LPS/ATP and suppressing NLRP3 using
glibenclamide. Similar to LPS/Nigericin, after LPS/ATP
treatment the cell death increased as compared to untreated
tumors whereas glibenclamide decreased the rate of LPS/ATP
mediated cell death (Supplementary Figure 4).

Next, LDH levels were analyzed to determine plasma
membrane integrity in cells after modulation of NLRP3
activity. Nigericin triggered the highest level of LDH release in
all cell lines compared to untreated controls (p < 0.001).
Nigericin caused the highest release of LDH in PC3 (47.87%
increase, Figure 2D) and U138MG (36.64% increase,
Supplementary Figure 3D) compared to investigated cell lines.
Also, the release of LDH was lower in MCF7 (25.08% increase,
Supplementary Figure 3F) and A549 cells (13.22% increase,
Supplementary Figure 3H) compared to investigated cell lines.
Although the LDH release in SH-SY5Y cells was 3.50% greater
than in untreated control (Figure 2H), it was still the lowest
compared to all cell lines (Figures 2D, F, H; Supplementary
Figures 3D, F, H, Supplementary Table 3). Additionally, LPS/
Nigericin significantly increased LDH release in all cell lines
investigated (p < 0.001). However, the impact of LPS/Nigericin
on LDH release was lower than Nigericin treatment alone in all
cell lines.

To determine whether NLRP3 could affect the tumor
proliferation, cells were treated with VX765, LPS, Nigericin
and LPS/Nigericin before real-time monitoring of cell division
using the xCELLigence biosensor for 24 h. VX765 and LPS did
not affect cell proliferation compared to untreated controls in all
investigated cells. In contrast, Nigericin and LPS/Nigericin
substantially inhibited cell proliferation in all tumor cell lines.
The effect of NLRP3 modulation of cell proliferation in PC3
cells, where inflammasome expression was the highest, and in
SH-SY5Y, with the lowest NLRP3 expressions upon after
Nigericin and LPS/Nigericin treatment, are shown in Figures
2E, G. Additionally, the effect of NLRP3 modulation on cell
proliferation in U138MG, MCF7 and A549 cells is shown in
Supplementary Figures 3E, G, I. Interestingly, the proliferation
pattern of fibroblasts did not change after treatment with
Nigericin or LPS/Nigericin and it remained similar to that in
untreated controls (Figure 2I). It appears that the effect of
NLRP3 activation on tumor growth depends on the stimulus.
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FIGURE 2 | Effect of NLRP3 inhibition and stimulation on cell viability and proliferation of PC3, SH-SY5Y cells, and Fibroblasts. Nigericin (20 µM), treatment for 24 h with
and without 3 h pre-incubation with LPS (1 µg/ml), was used to activate the NLRP3 inflammasome. To inhibit Caspase 1, cells were treated with VX765 (20 µM). (A–C)
Expression of Annexin V (D, F, H) LDH cytotoxicity assay and (E, G, I) a real-time cell proliferation assay. U, Untreated; V, VX765; L, LPS; N, Nigericin; LN, LPS/Nigericin.
*p < 0.05, n = 3.
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While LPS did not significantly affect the cell viability and
proliferation, adding the second stimulus, Nigericin, induced
cell death.

The tumorsphere formation assay was used to assess stem
cell-like characteristics of cancer cell lines after modulation of the
NLRP3 inflammasome. Similar to our findings of cell viability
and proliferation, VX765 and LPS did not affect the tumorsphere
size (Figure 3). In contrast, while Nigericin and LPS/Nigericin
consistently decreased cell proliferation and increased cell death
in tumor cell monolayers, they had different effects on
tumorsphere size across the cell lines investigated. In MCF7
and SH-SY5Y cells, Nigericin and LPS/Nigericin treatments
significantly decreased sphere sizes compared to untreated
controls (P < 0.001, Figure 3). However, in PC3 and U138MG
cells, Nigericin did not affect tumor size, while LPS/Nigericin
significantly increased the sphere sizes compared to untreated
controls (P < 0.001, Figure 3). Nigericin and LPS/Nigericin did
not affect the sphere size in A549 cells compared to untreated
controls (Figure 3). Collectively, our data suggest that high
activation of NLRP3 by LPS/Nigericin results in the growth of
tumorsphere whereas low NLRP3 activation by LPS/Nigericin
results in a reduction of tumorsphere size.
VX765 Increases the Release of CCL24,
While Nigericin Increases MIF Production
Cell culture medium was collected 24 h after treatment with
VX765, LPS, Nigericin and LPS/Nigericin and used to analyze
cytokine release patterns. Additionally, to determine whether
these cytokine patterns differ from those induced during
apoptosis, the culture medium was collected from cells treated
with Camptothecin (6 µM for 24 h), an apoptosis inducing
agent. VX765, LPS, Nigericin and LPS/Nigericin significantly
modified cytokine production by tumor cells and fibroblasts
(Figure 4 and Table 1). CCL24 release was commonly identified in
A549, MCF7 and fibroblasts treated with VX765 compared to
untreated controls (Supplementary Tables 4A, B, F).
Interestingly, the effect of VX765 treatment differed in neuronal
tumors where elevated levels of CCL11 and CCL26 were found in
SH-SY5Y compared to untreated controls (Supplementary Table
4D), and no changes in cytokine levels were detected in VX765
treated U138MG cells compared to controls (Supplementary Table
4E). When NLRP3 was activated, it appears that LPS and Nigericin
upregulated different cytokines in tumor cells (Figure 4, Table 1).
While LPS increased the levels of multiple cytokines, Nigericin
uniquely increased MIF levels in A549, PC3, SH-SY5Y, U138MG,
and fibroblasts compared to untreated controls (Supplementary
Tables 4A, C–F). Interestingly, a statistically significant increase in
MIF levels was only found in SH-SY5Y cells when treated with LPS/
Nigericin compared Camptothecin treated controls (p = 0.008,
Supplementary Table 4D). Although not statistically significant,
MIF expression was higher in A549, U138MG and fibroblasts
treated with LPS/Nigericin compared to Camptothecin treated
controls (Supplementary Tables 4A, E, and F). The exception
was MCF7 cells, where Nigericin stimulated CXCL8 and CCL13
Frontiers in Immunology | www.frontiersin.org 8
compared to untreated and Camptothecin treated controls without
affecting MIF levels (Supplementary Table 4B).

Although the cytokine pattern did not change in cells treated
with Caspase 1 inhibitor compared to untreated controls, the
concentration of cytokines secreted differed significantly between
cells treated with VX765 and LPS/Nigericin. Treatment with
VX765 significantly increased the level of cytokines mediating
angiogenesis (Table 2) compared to LPS/Nigericin in A549 and
SH-SY5Y cells. In PC3 cells, although VX765 did not affect the
release of most cytokines, CCL24 secretion was significantly
higher compared to the LPS/Nigericin treated group (p < 0.05).
In contrast, the level of angiogenic cytokines (Table 2) was
significantly lower in VX765 treated cells than LPS/Nigericin
treated PC3 cells. Similarly, the level of these angiogenic
cytokines (Table 2) in VX765 treated MCF7 and U138MG was
lower than LPS/Nigericin treated cells. Interestingly, VX765
did not affect the release of cytokines in fibroblasts. Cytokines
significantly altered by VX765 compare to LPS/Nigericin treated
cells are summarized in Table 2 (Figure 4, Supplementary
Tables 4A–F).

We found that, when the NLRP3 inflammasome is activated,
two groups of tumor cells could be identified based on LDH
release and IL1b secretion. IL1b secretion was highest in
PC3 cells and it was one of the lowest in A549 cells.
Additionally, in contrast to other tumor types, A549 the levels
of multiple secreted cytokines were decreased after LPS/Nigericin
treatment compared to untreated controls (Table 1). Therefore,
we sought to determine the structural differences between these
two cell lines after inflammasome modulation using TEM.
Human fibroblast cells were used as a normal cell control.
Interestingly, VX765 did not affect the amount or shape of the
ER in PC3 cells compared to controls, suggesting a lack of
functional activity of this organelle (Figures 5A, D). In
contrast, VX765 increased the granulation of ER in A549 cells,
which could indicate that the organelle is functionally active (52)
(Figures 5B, E). In fibroblasts, VX765 increased the granulation
of ER. In addition, VX756 caused the ER cisternae to become
expanded, branched, and irregular in shape which could indicate
the over synthesis of proteins (53) (Figures 5C, F). The
structures of the Golgi apparatus were similar in PC3, A549,
and fibroblast cells with developed cistern stacks after VX765
treatment suggesting a considerable increase in protein
export (54).

Inflammasome activation caused similar ultrastructural
changes in ER in PC3, A549 and human fibroblasts cells. After
the inflammasome priming with LPS, ER cisternae were
expanded in PC3, A549 and human fibroblast cells (Figures
5G–I). However, the ultrastructure of the Golgi apparatus was
different between PC3 and A549 cells. Unlike in PC3 cells, the
Golgi apparatus was poorly developed and weakly visualized in
A549 cells, which could indicate impaired protein export (Figure
5H). When only Nigericin or LPS/Nigericin was used,
ultrastructural signs of non-apoptotic, lytic cell death were
identified by TEM in both tumor cell lines. These included
nuclear condensation, presence of the multiple rounds
February 2021 | Volume 11 | Article 607881
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electrically transparent vacuoles in the cytoplasm, pore
formation in the cell membrane, cell swelling and bursting
(Figures 5J, K, M, N). In fibroblasts, LPS/Nigericin produced
the ultrastructural signs of cell death similar to that in tumor cell
lines. However, when used alone Nigericin had a limited effect on
human fibroblasts, where few free ribosomes and many
polyribosomes were identified in the cytoplasm by TEM
suggesting that cells are alive rather than dead (Figure 5L).

The Effect of Targeting NLRP3
Inflammasome on Mitochondria Structure
and Function
The effect of VX765, LPS, Nigericin, and LPS/Nigericin on
mitochondria structure in A549, PC3, and human fibroblasts
was analyzed using TEM. In untreated A549 and PC3 tumor
cells, the mitochondrial cristae were poorly defined (Figures 5A,
B). While VX765 did not affect the ultrastructure of
mitochondria in PC3 cells (Figure 5D), in A549 cells, the
outer membrane and cristae became clearer compared to
Frontiers in Immunology | www.frontiersin.org 9
untreated controls (Figure 5E). This could indicate more
active ATP synthesis (55–57). In fibroblasts, after VX765
treatment, mitochondria had a condensed matrix lacking
distinct cristae compared to untreated controls, suggesting
increased mitochondrial activity (55) (Figures 5C, F). These
data suggest that blocking Caspase 1 function, which is an
NLRP3 product, does not affect the mitochondrial activity
and tumor cell growth in PC3 cells. In contrast, caspase 1
inhibition induces mitochondrial activity in A549 cells and
human fibroblasts.

The matrix of mitochondria was electron-dense in LPS
treated PC3 cells, although the majority of cristae were
condensed, more of them were clearly visible compared to
untreated controls, indicating increased mitochondrial activity
(56, 58) (Figure 5G). Similarly, in A549 cells and human
fibroblasts, some cristae were clearly visible, indicating active
ATP synthesis (59) (Figures 5H, I). In contrast, cristae were
poorly visualized in Nigericin-treated PC3 and A549 cells,
suggesting decreased mitochondrial function (60) (Figures
FIGURE 3 | Effect of NLRP3 modulation on sphere formation of tumor cell lines. Nigericin (20 µM) treatment for 24 h with and without 3 h pre-incubation with LPS
(1 µg/ml) was used to activate the NLRP3 inflammasome. To inhibit Caspase 1, cells were treated with VX765 (20 µM). U, Untreated; V, VX765; L, LPS; N, Nigericin;
LN, LPS/Nigericin. *p < 0.05, n = 3.
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5J, K). LPS/Nigericin treatment resulted in poor visualization of
cristae in PC3 and A549 cell lines, indicating reduced
mitochondrial function (56) (Figures 5M, N). Unlike in tumor
cells, Nigericin and LPS/Nigericin produced better-defined
cristae in fibroblast mitochondria compared to untreated
controls, suggesting an increased mitochondrial function (56)
(Figure 5L).

The modulation of NLRP3 activity on mitochondrial function
was also confirmed by measuring the mitochondrial membrane
potential (Dym) using flow cytometry analysis of JC-1 staining.
The effect of NLRP3 modulation on Dym in A549, MCF7 and
Frontiers in Immunology | www.frontiersin.org 10
PC3 cell lines derived from epithelial tumors and fibroblasts is
shown in Figure 6. Dym changes induced by NLRP3 modulation
in SH-SY5Y and U138MG cell lines, derived from neuronal
tumors are shown in Supplementary Figure 5. Statistical
analysis of Dym changes after VX765, LPS, Nigericin and
LPS&Nigericin treatments of all cell lines is summarized in
Supplementary Table 5. In PC3 and MCF7 cell lines as well as
human fibroblasts, VX765 slightly decreased the right-shift of the
green fluorescence indicating a reduction of the Dym. In
contrast, there were no changes in the right-shift of the green
fluorescence in VX765 treated A549 cells, suggesting a lack of
FIGURE 4 | Cytokine release patterns in A549, MCF7, PC3, SH-SY5Y, U138MG cells, and fibroblasts after NLRP3 modulation. Nigericin (20 µM), treatment for 24 h
with and without 3 h pre-incubation with LPS (1 µg/ml) was used to activate the NLRP3 inflammasome. To inhibit Caspase 1, cells were treated with VX765 (20 µM).
Camptothecin (6 µM, Sigma) treatment of cells for 24 h was used to induce apoptosis. U, Untreated; V, VX765; L, LPS; N, Nigericin; LN, LPS/Nigericin. N = 3.
February 2021 | Volume 11 | Article 607881
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effect on Dym. (Figure 6 , Supplementary Table 5).
Interestingly, in neuronal tumors, U138MG and SH-SY5Y,
VX765 increased the right-shift of the green fluorescence
indicating an increased Dym, compared to untreated controls
(Supplementary Figure 5, Supplementary Table 5). LPS slightly
decreased the Dym in all tumor cells; however, in human
fibroblasts, LPS increased Dym compared to untreated
controls (Figure 6, Supplementary Table 5). Nigericin and
LPS/Nigericin treatment increased Dym in all tumor cells
compared to untreated cells (Figure 6, Supplementary Figure
5, Supplementary Table 5). In contrast, Nigericin and LPS/
Nigericin treatment decreased Dym in human fibroblasts
compared to untreated controls (Figure 6, Supplementary
Table 5). These data indicate that independent of the first
stimulus, the second stimulus increases the mitochondria
membrane potential and triggers mitochondrial dysregulation,
which could cause tumor cell death. Interestingly, NLRP3
activation-induced cell death of fibroblasts requires both the
first and second stimuli.

Suppressing Caspase 1 Activity
with VX765 Stimulates Angiogenesis
Tumor growth is supported by neovasculogenesis, which is
regulated by cytokines released from tumors (61). Therefore,
we sought to determine whether modulation of NLRP3 activity
could induce endothelial cell tube formation in vitro, indicating
activation of angiogenesis (62). Supernatants of tumors were
collected at 24 h and used for the HUVEC tube formation assay.
HUVECs were maintained in a culture medium from each tumor
cell line after NLRP3 modulation. In addition, the level of
proangiogenic VEGF and Matrix metalloproteinases (MMPs)
in tumor cells conditioned culture medium was analyzed. We
found that in all tumor cell lines, the level of VEGF and MMP13
in culture medium was significantly higher after treatment with
VX765 compared to Nigericin and LPS/Nigericin and untreated
controls (p < 0.05) (Figure 7, Supplementary Figures 6, 7,
Supplementary Tables 6, 7). Additionally, VX765 increased the
release of MMP2, MMP7, and MMP10 in A549 cells, while the
secretion of MMP7, MMP10, and MMP12 was increased only in
PC3 cells (Figure 7, Supplementary Figure 6, Supplementary
Tables 6 and 7). The level of several MMPs, including MMP2,
Frontiers in Immunology | www.frontiersin.org 11
MMP3, MMP7, MMP10, andMMP12 was significantly higher in
U138MG conditioned culture medium (p < 0.05) (Figure 7,
Supplementary Figure 7, Supplementary Tables 6 and 7). In
fibroblasts, VX765 increased the release of VEGF, MMP2,
MMP3, MMP10, and MMP12 compared to untreated controls,
while MMP3 secretion was below the detection level
(Supplementary Figure 6, Supplementary Tables 6 and 7).
Consistent with the VEGF and MMPs data, VX765 culture
medium induced the assembly of tubular structures by the
HUVECs compared to that in controls, and Nigericin or LPS/
Nigericin treated groups (p < 0.05) (Figure 7, Supplementary
Figures 6 and 7, Supplementary Tables 6 and 7).

With exception of SH-SY5Y cells, the release of VEGF was
significantly decreased in Nigericin and LPS/Nigericin treated
conditioned culture medium from all tumor types (A549, MCF7,
PC3, and U138MG) and fibroblasts compared to VX765 and
untreated controls. Accordingly, HUVECs maintained in
medium conditioned by cells treated with Nigericin and LPS/
Nigericin formed fewer tubular structures compared to VX765
treated conditioned cell culture medium. The difference in tube
formation between HUVECs treated with conditioned culture
medium from each tumor cell line was not significant (p < 0.05).
The effect of conditioned culture medium from PC3 cells,
expressing the highest NLRP3 level upon treatment with LPS/
Nigericin, on HUVECs tube formation is shown in Figure 7. The
effect of culture medium from A549 and MCF7 cells as well as
fibroblasts is shown in Supplementary Figure 6. Also, the effect
of culture medium from neuronal tumor cells, U138MG and SH-
SY5Y, on HUVEC tube formation is shown in Supplementary
Figure 7. Statistical analysis of HUVEC tube formation after
incubation with conditioned culture medium from VX765, LPS,
Nigericin, and LPS/Nigericin treated cell lines is shown in
Supplementary Table 8.
DISCUSSION

The main product of the NLRP3 inflammasome is active caspase
1, which is produced by cleavage of the Pro-Caspase 1 (63).
Caspase 1 releases the functional IL-1b, which is a pleiotropic
cytokine inducing fever, activating and recruiting immune cells
TABLE 2 | Cytokine secretion was significantly altered by VX765 treatment compared to LPS/Nigericin treatment (p < 0.05).

Cell line Regulation of cytokine release in VX765 treated cells compared to LPS/Nigericin treated cells

Increased cytokine release Decrease cytokine release

A549 IL6, CXCL10, CXCL11, CCL1, CCL8, CCL11, CCL13,
CCL22,CCL24, CCL26, CCL27, TNFa

MCF7 - IL10, IL16, IFNg, CXCL2, CXCL6, CXCL9,CCL21, CXCL10, CXCL11, CXCL13,CCL1,
CCL7, CCL11, CCL20, CCL23, CCL25, MIF

PC3 CCL24 IL2, IL4, IL6, IL10, IL16, IFNg, CXCL9, CXCL12, CXCL13, CCL7, CCL8, CCL11, CCL15,
CCL19, CCL21, CCL22, CCL23, CCL25, TNFa

SH-SY5Y IL4, IFNg, CXCL1, CX3CL1, CXCL8, CXCL11, CXCL16,
CCL5, CCL7, CCL13, GMCSF

-

U138 - IL2, IL4, IL6, IL16, CXCL2, CXCL3, CXCL6, CXCL9, CXCL10, CCL1, CCL7, CCL17,
CCL20, CCL25, CCL26, CCL27, GMGSF, IFNg, MIF, TNFa
*Cytokines denoted in bold induce angiogenesis (39–51).
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FIGURE 5 | The effect of NLRP3 inflammasome modulation on cell morphology in A549, PC3, and human fibroblast cells. Nigericin (20 µM, Invivogen) treatment for
24 h with and without 3 h pre-incubation with LPS (1 µg/ml, Sigma, St. Louis, USA) was used to activate the NLRP3 inflammasome. To inhibit Caspase 1, cells were
treated with VX765 (20 µM, Invivogen). (A) In untreated PC3 cells, small vacuoles were found in the cytoplasm, some of them contain electron-dense material. The
cytoplasm is electron-dense containing many free ribosomes. (B) In untreated A549 cells, ER appears as narrow, elongated, rough tanks with a large number of free
ribosomes. Also, oval-shaped mitochondria with clear cristae and an average electron density matrix are visualized. (C) In untreated fibroblasts, free ribosomes and
polyribosomes were found in the cytoplasm. The shape of mitochondria was elongated with a condensed matrix and a large number of cristae. VX765 treatment:
(D) significantly affected the ultrastructure of PC3 cells; increased numbers of large membrane-bound vacuoles were found in the cytoplasm, where some of them
were merged or contained multi-vesicular aggregates. There was no visible difference in the ultrastructure of mitochondria between VX765 treated and untreated
PC3 cell mitochondria. Cristae were slightly clearer compared to untreated cells. (E) In A549 cells, increased numbers of free ribosomes and granularization of ER
were detected. Mitochondria were slightly enlarged and the outer membrane of mitochondria and their cristae became clear. (F) in fibroblasts, increased numbers of
organelles, granularization of ER and changes to the ER structure to an expanded, branched, and irregular shape was identified. There were few free ribosomes and
many polyribosomes. Additionally, the Golgi apparatus was expanded with a large number of vesicles. Mitochondria displayed a round or oval shape with condensed
matrix and lacked distinct cristae. LPS treatment: (G) In PC3 cells, an increased number of organelles was identified. ER cisternae were expanded. The Golgi
apparatus developed cistern stacks. Functional activity of mitochondria was increased: the ultrastructure of mitochondria was changed: the length of the
mitochondria was considerably elongated, the matrix became electron-dense, and some of the cristae were visible. (H) In A549 cells, after LPS treatment; ER
cisternae were expanded, had an irregular shape and formed a network. (I) In fibroblasts, similar to the effect of VX765; after LPS treatment protein synthesis and
export were considerably increased; where ER cisternae were greatly expanded which had an irregular shape and formed a network. Additionally, the Golgi
apparatus was visualized with well-developed cisternae stacks and a large number of vesicles in the cytoplasm. These vesicles were also detected near the
cytoplasmic membrane of the cells; some of them were involved in exocytosis. After Nigericin or combined LPS and Nigericin treatments: (J, M, K, N). PC3 and
A549 cells showed signs of lytic cell death such as nuclear condensation, numerous round transparent vacuoles in the cytoplasm, pore formation in the cell
membrane, cell swelling and bursting. The morphology of the mitochondria was significantly changed as compared to control where: the shape of the organelle was
toroidal; the matrix became electron-dense with few elongated cristae or, the absence of cristae. (L). Different from the tumor cell lines, in Fibroblasts, Nigericin
treatment did not cause death cell morphology. Nigericin affected the nucleus structure where the integrity of the karyolemma appeared slightly destroyed.
Mitochondria were round or oval, with clear cristae. The cytoplasm contained few free ribosomes and many polyribosomes. (O). After combined LPS and Nigericin
treatment fibroblasts demonstrated a lytic cell death morphology including nuclear condensation, large electron-transparent vacuoles and pore formation in the cell
membrane, cell swelling and bursting.
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into the inflamed tissue (64). In this study, we investigated the
effect of an inducer of the NLRP3 inflammasome, Nigericin and
an inhibitor of Caspase 1, VX765, on tumor progression in a
panel of cancer cells, including A549 (lung cancer), MCF7 (breast
cancer), PC3 (prostate cancer), SH-SY5Y (neuroblastoma) and
U138MG (glioblastoma) cell lines. We also used fibroblasts as a
non-malignant cell control.
The Effect of NLRP3 Activation
With Nigericin
NLRP3 complex formation requires two stimuli: priming (LPS) and
activation (Nigericin) (37). LPS binds to pattern recognition
receptors (PRRs) leading to the nuclear translocation of nuclear
factor-kB (NF-kB) and increased transcription of IL1-b and IL-18
(65). However, a second stimulus is required to initiate the
functional inflammasome formation (66). Therefore, we analyzed
the effect of LPS and Nigericin on NLRP3 activation individually
and in combination. Interestingly, our results revealed that priming
of tumor cells with LPS increased the release of IL1-b and IL-18
without the requirement for the second stimulus (Nigericin). In
contrast, priming offibroblasts with LPS alone failed to release IL1-b
and IL-18 without treatment with Nigericin as a second stimulus. In
addition to potassium efflux, NLRP3 can be activated by various
stimuli, such as ATP, toxins, reactive oxygen species (ROS),
hypoxia, and mitochondrial dysfunction (67, 68). Therefore, our
results suggest that LPS could activate NLRP3 and cause the release
of IL1-b and IL-18 without a second stimulus provided by
Nigericin. In tumor cells there could be other second stimuli
already present, negating the requirement for Nigericin. Such
stimuli could include oncogene-induced ROS (69).

Nigericin without LPS priming also activated NLRP3
evidenced by increased IL1-b and IL-18 expression. It was
Frontiers in Immunology | www.frontiersin.org 13
recently shown that TLRs, FAS-associated death domain
protein and IL-1R ligands can act as the NLRP3 priming
stimuli (37, 70, 71). Tarassishin and colleagues demonstrated
that, in glioblastoma cells, the priming signal can be provided by
IL-1 which can be produced by tumor cells in large quantities
(72). Interestingly, after combined LPS/Nigericin treatment,
tumor cells demonstrated two distinct patterns of NLRP3
inflammasome activation. While the release of IL-1b and IL-18
was higher in PC3 and U138MG cells compared to controls,
these cytokines levels were lower in A549, MCF7 and SH-SY5Y
cells. Microenvironment (73), redox balance (74, 75) and
osmolarity (76) of cells may influence the release of IL-1b from
different tumor types (77). However, little is known about the
mechanism of IL-1b release upon LPS/Nigericin treatment. Our
data suggest that NLRP3 activation through LPS/Nigericin
treatment leads to a high level of IL-1b and IL-18 secretion in
prostate cancer and glioblastoma cell lines compared to cell lines
derived from lung cancer, breast cancer, and neuroblastoma.

Nigericin decreased cell viability and proliferation in all
tumor cell lines investigated, both as monolayers and in sphere
culture. Nigericin increases the efflux of K+ and increases the
intracellular Ca2+ concentration (78). According to Katsnelson
and colleagues, this rapid decrease in cytosolic K+ is a sufficient
stimulus for initiation of the NLRP3 inflammasome cascade,
independent of cytosolic Ca2+ levels (78). However, high
intracellular Ca2+ can trigger apoptotic and non-apoptotic
programmed cell death via caspase cascades (79). In our study,
Nigericin and LPS/Nigericin increased the released LDH in
tumor cells compared to controls, suggesting induction of non-
apoptotic cell death. Although we suggest non-apoptotic cell
death, we could not exclude pyroptosis, an inflammatory
programmed cell death (80). Pyroptosis is characterized by
rapidly formed membrane pores, membrane rupture, cell
February 2021 | Volume 11 | Article 607881
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FIGURE 6 | The effect of NLRP3 inflammasome modulation on Dym in tumor cell lines and human fibroblasts. Nigericin (20 µM, Invivogen) treatment for 24 h wi
Sigma, St. Louis, USA) was used to activate the NLRP3 inflammasome. To inhibit Caspase 1, cells were treated with VX765 (20 µM, Invivogen). U, Untreated; V,
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swelling and release of intracellular content into the extracellular
space, including cytosolic proteins such as LDH (81). Opened
membrane pores in pyroptotic cells permit both, Annexin V and
impermanent dyes such as Propidium Iodide (PI), to enter the
cell and localize in the inner membrane [39]. Therefore, in
contrast to apoptosis, pyroptotic cells appear positive for both,
Annexin V and PI. Supporting pyroptosis as the mechanism of
cell death we identified that Nigericin and LPS/Nigericin treated
tumor cells, were Annexin V and PI positive.

Additionally, Nigericin increased Dym in all tumor cell lines
investigated in this study. The apoptotic effect of elevated Dym was
demonstrated by Vander Heiden MG and colleagues (82); however,
Heerdt and colleagues also showed that Nigericin induced Dym is
not associated with increased mitochondria-associated cytochrome-
c release (83). Additionally, disrupted Dym and reactive oxygen
species were linked to pyroptosis in macrophages (84). Further
support that pyroptosis was the mechanism of cell death, we found
signs of oncolytic cell death in cells treated with Nigericin and LPS/
Nigericin in TEM. It appears that pyroptosis in this context is a
unique form of cell death induced in tumor cells as we found no
decrease in cell viability and proliferation of non-tumor cells,
fibroblasts. Moreover, the effect of Nigericin on mitochondria was
also different in tumors compared with fibroblasts, where the
reduction of Dym in fibroblasts and mitochondrial damage was
negligible. These data suggest that tumor cells are more susceptible
to Nigericin induced pyroptosis compared to fibroblasts.

Interestingly, while combined LPS/Nigericin treatment reduced
cell proliferation in all tumor cell line monolayers, its effect on
tumorsphere formation was less uniform. While combined LPS/
Nigericin treatment reduced sphere formation in MCF7 and SH-
SY5Y cell lines, which also had the lowest release of IL-1b, in PC3
and U138MG cells, where the release of IL-1b was the highest,
treatment increased the size of tumorspheres. It was previously
demonstrated that IL-1b may promote tumor growth and invasion
through activation of cancer stem cell self-renewal (85). Although
monolayers are useful tools for functional tests, cell-cell and cell-
Frontiers in Immunology | www.frontiersin.org 15
extracellular environment interactions which are responsible for cell
differentiation, proliferation, vitality, responsiveness to stimuli and
drug metabolism cannot be represented in monolayers as they
would be in the tumor mass (86). Due to disturbances in
interactions with the microenvironment, tumor cell lines growing
adherently can lose their polarity. It results in changes in the
response of those cells to various cellular signaling events which
may include to stimulation of the NLRP3 inflammasome. On the
other hand, spheres more likely mimic the physical and biochemical
features of a solid tumor mass due to the proper cell-cell and cell-
environment interactions (87). In sphere models, cell proliferation
depends on many factors such as the location of cells, presence of
initiating cancer stem cells and the level of hypoxia (86). In our
study, after LPS/Nigericin treatment, the growth pattern of PC3 and
U138MG cells were different in monolayer and spheres. It may be
caused by pathophysiological differences between tumorspheres due
to the level of inflammasome induced hypoxia which can trigger
cancer stem cell self-renewal in U138MG and PC3 spheres
(88). Studies demonstrated that IL-1b induced hypoxia in
glioblastoma and modulates the tumor progression by interacting
directly with the tumor cells (89). Our data suggest that the effect of
Nigericin on tumor survival will depend on the balance between
pyroptosis and survival associated with IL-1b release. Interestingly,
pyroptosis could disrupt cell integrity and release the intracellular
content including IL-1b (90). Therefore, we suggest that pyroptosis
could modify the tumor microenvironment establishing a chronic
inflammatory milieu by releasing pro-inflammatory cytokines (91,
92). This pro-inflammatory tumor microenvironment could also
be supported by LPS, which is the priming signal in
inflammasome formation (93). LPS, as a PAMP, can activate
tumor-associated macrophages and trigger the release of
inflammatory cytokines including TNFa, IFNg, IL-2, and IL-4
(94–96). Additionally, LPS can stimulate IL-6 production by
tumor fibroblasts (97). Our data demonstrated that LPS induced
the secreted of IL-6, as well as 31 cytokines in fibroblasts.
Interestingly, in contrast to fibroblasts, fewer cytokines had
A B C

FIGURE 7 | The effects of releasing cytokines from PC3 cells after inhibition or stimulation of the NLRP3 inflammasome on the HUVEC tube formation. Nigericin (
20 µM) treatment for 24 h with and without 3 h pre-incubation with LPS (1 µg/ml) was used to activate the NLRP3 inflammasome. To inhibit Caspase 1, cells were
treated with VX765 (20 µM). U, Untreated; V, VX765; L, LPS; N, Nigericin; LN, LPS/Nigericin. *p<0.05, n=3.
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increased secretion; secretion of only one cytokine in A549 and
MCF7 cells, 5 cytokines in SH-SY5Y cells significantly increased
after LPS treatment as compared to untreated cells. In addition,
LPS did not affect the cytokine secretion pattern of PC3
and U138MG cells compared to untreated control. We did not
identify a common pattern of cytokine secretion changes in five
different tumor cell lines induced by LPS treatment. We propose
that the differences in the level of NLRP3 activation in tumor cell
lines are related to variations in the inflammatory nature of the
individual tumor types, where pro-inflammatory cytokines
produced by the tumor could act as priming agents, instead of
LPS (72, 98–100).

In contrast to LPS (where no common cytokine could be
identified activated in tumor cells line), Nigericin treatment
revealed MIF as the most consistently upregulated cytokine in
tumor cells, except for MCF7 cells. It appears that MIF could
function as positive feedback to potentiate Nigericin activation of
NLRP3, as this cytokine regulates inflammasome assembly and
activation (101). It also was shown that MIF is required for the
NLRP3–vimentin interaction, which is essential for IL-1b and
IL-18 secretion (101). Our data demonstrate that MIF
production could be involved in NLRP3 activation in tumor
cells treated with Nigericin. Interestingly, Nigericin did not
induce the production of MIF in MCF7 breast cancer cells;
instead, these cells produced CXCL8 and CCL13. Nigericin can
mimic the P2X7 receptor and trigger the second stage of NLRP3
inflammasome activation (9). It was demonstrated that P2X7
receptors were involved in the production of CXCL8 in human
bronchial epithelial cells (102). Additionally, the release of
CXCL8 was observed together with IL-1b in cigarette smoker-
associated chronic obstructive pulmonary disease (COPD)
patients (102). It was reported that IL-1b induces CXCL8 via
NLRP3 (102). Therefore, we suggest that Nigericin may also lead
to the production of CXCL8 in MCF7 cells. However, the role of
CCL13 in the regulation of the NLRP3 inflammasome in MCF7
cells requires further investigation.
The Effect of VX765 on Inflammasome
Function
VX765 is a selective inhibitor of Caspase 1, a major product and
effector of the NLRP3 inflammasome (35). To confirm VX765
inhibition of Caspase 1, cells were treated with LPS/Nigericin,
which activates NLRP3 to produce the active caspase. In all tumor
cell lines and fibroblasts, Caspase 1 inhibition, partially attenuated
the effects of LPS/Nigericin. In contrast to NLRP3 activation,
Caspase 1 inhibition alone did not affect cell proliferation, death
and LDH release. Moreover, TEM data suggest that VX765
improved the cell metabolism and mitochondrial functions in
A549, PC3, and fibroblasts. Studies demonstrated that ER stress
(ERS) activates the NLRP3 inflammasome and triggers
mitochondrial damage. ERS increases ROS and promotes
translocation of the inflammasome to the mitochondria. NLRP3
is involved in the ERS-induced cleavage of caspases including
caspase-1 leading to mitochondrial damage, which is required for
the production of mature IL-1b (103, 104). During ERS, the
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capacity of the ER to fold proteins becomes saturated by
impaired protein glycosylation or disulfide bond formation
(105). According to our findings, it appears that the inhibitor
function VX765 to caspase-1 results with decrease in ERS and
increase in the capacity of ER to fold proteins accurately. Caspase 1
inhibition also increased production of CCL24 in epithelial tumors
such as lung, breast and prostate. In contrast to epithelial tumors
(A549, MCF7 and PC3), Caspase 1 inhibition triggered the release
of CCL11 and CCL26 in a neuroblastoma cell line. These cytokines
are ligands for CCR3, which is expressed on the surface of immune
and non-immune cells and promotes cell migration and
proliferation (40, 106, 107). It was previously demonstrated that
the CCL24-CCR3 interaction increases eosinophil adhesion and
facilitates migration and infiltration of eosinophils (108).
Infiltrated eosinophils were shown to increase tumor cell
viability and their proangiogenic potential (109). CCL24 can
also promote angiogenesis via the RhoB-VEGFA-VEGFR2
signaling pathway and contributing to malignancy (110).
Additionally, CCL11-CCR3 interaction promotes cell migration
and proliferation (110). Our data demonstrated that Caspase 1
inhibition induces the release of VEGF and MMPs from tumor
cells and stimulates endothelial cell tube formation. This is further
supported by our data on decreased cell death in tumor cells when
Caspase 1 was inhibited. Our data is also corroborated Lopez-
Pastrana and colleagues’ findings, who demonstrated that
inhibition of Caspase 1 reduces pyroptosis and stimulates
endothelial cell survival, which is mediated by VEGFR-2
signaling (111). Altogether our data suggest that inhibiting
Caspase 1 by VX765 induces angiogenesis.

In conclusion, in this study, we, for the first time, analyzed the
effect of an inducer (Nigericin) of NLRP3 and inhibitor of Caspase 1
(VX765) in a panel of different tumor types and normal fibroblast
controls. We identified that the degree of inflammasome activation
varies across the investigated tumor cell lines. Upon LPS/Nigericin
treatment, activation of NLRP3 was the highest in prostate cancer
and glioblastoma cells, whilst it was the lowest in the neuroblastoma
cell line, SH-SY5Y. Additionally, for the first time, we have
demonstrated that cell death caused by LPS/Nigericin treatment,
produced variable effects on tumor cells, depending upon their
NLRP3 activation level and cytokines released. In this study, we used
only one cell line for each tumor type. Considering the
heterogeneous nature of every tumor type, the efficacy of the
inflammasome activation could further vary in different tumor
cells derived from the same cancer type. Additionally, although
inflammasome targeting is used as a therapeutic approach in many
diseases, our study showed that inhibition of NLRP3 may not be the
best approach for the treatment of some cancers. This is because the
inhibiting of Caspase 1 activity using VX765 could stimulate the
angiogenesis by releasing CCL24, CCL11, and CCL26 cytokines and
protecting cell viability in some tumors. Therefore, targeting
inflammasomes for cancer treatment will require prior testing of
the effect of inflammasome reactivation in that tumor. Future in-
vivo investigations will better clarify the efficiency of inflammasome
activation and Caspase-1 inhibition on tumor progression.
However, according to our current findings, inflammasomes
could be excellent targets for personalized cancer treatment, as
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analysis of inflammasome activation status and potential outcome of
their targeting in each patient could identify a supplemental strategy
to control tumor growth if appropriate biomarkers can be identified
and validated.
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86. Kapałczyńska M, Kolenda T, Przybyła W, Zajączkowska M, Teresiak A, Filas V,
et al. 2D and 3D cell cultures–a comparison of different types of cancer cell
cultures. Arch Med Sci: AMS (2018) 14(4):910. doi: 10.5114/aoms.2016.63743

87. Lee J, Cuddihy MJ, Kotov NA. Three-dimensional cell culture matrices: state
of the art. Tissue Eng Part B: Rev (2008) 14(1):61–86. doi: 10.1089/
teb.2007.0150

88. Najafi M, Farhood B, Mortezaee K, Kharazinejad E, Majidpoor J, Ahadi R.
Hypoxia in solid tumors: a key promoter of cancer stem cell (CSC)
resistance. J Cancer Res Clin Oncol (2020) 146(1):19–31. doi: 10.1007/
s00432-019-03080-1

89. SunW, Depping R, JelkmannW. Interleukin-1 b promotes hypoxia-induced
apoptosis of glioblastoma cells by inhibiting hypoxia-inducible factor-1
mediated adrenomedullin production. Cell Death Dis (2014) 5(1):e1020–e.
doi: 10.1038/cddis.2013.562

90. Shi J, Zhao Y, Wang K, Shi X, Wang Y, Huang H, et al. Cleavage of GSDMD
by inflammatory caspases determines pyroptotic cell death. Nature (2015)
526(7575):660. doi: 10.1038/nature15514

91. Wang S, Yuan Y-H, Chen N-H, Wang H-B. The mechanisms of NLRP3
inflammasome/pyroptosis activation and their role in Parkinson’s disease.
Int Immunopharmacol (2019) 67:458–64. doi: 10.1016/j.intimp.2018.12.019
Frontiers in Immunology | www.frontiersin.org 19
92. Walle LV, Lamkanfi M. Pyroptosis. Curr Biol (2016) 26(13):R568–R72. doi:
10.1016/j.cub.2016.02.019

93. Schroder K, Sagulenko V, Zamoshnikova A, Richards AA, Cridland JA,
Irvine KM, et al. Acute lipopolysaccharide priming boosts inflammasome
activation independently of inflammasome sensor induction.
Immunobiology (2012) 217(12):1325–9. doi: 10.1016/j.imbio.2012.07.020

94. Paul WE. Interleukin-4: a prototypic immunoregulatory lymphokine. Blood
(1991) 77(9):1859–70. doi: 10.1182/blood.V77.9.1859.bloodjournal7791859

95. Pouliot P, Turmel V, Gelinas E, Laviolette M, Bissonnette E. Interleukin-4
production by human alveolar macrophages. Clin Exp Allergy (2005) 35
(6):804–10. doi: 10.1111/j.1365-2222.2005.02246.x

96. Gioannini TL, Teghanemt A, Zhang D, Coussens NP, Dockstader W,
Ramaswamy S, et al. Isolation of an endotoxin–MD-2 complex that
produces Toll-like receptor 4-dependent cell activation at picomolar
concentrations. Proc Natl Acad Sci (2004) 101(12):4186–91. doi: 10.1073/
pnas.0306906101

97. Kent LW, Rahemtulla F, Hockett RDJr., Gilleland RC, Michalek SM. Effect of
lipopolysaccharide and inflammatory cytokines on interleukin-6 production
by healthy human gingival fibroblasts. Infect Immun (1998) 66(2):608–14.
doi: 10.1128/IAI.66.2.608-614.1998

98. Lucey DR, Clerici M, Shearer GM. Type 1 and type 2 cytokine dysregulation
in human infectious, neoplastic, and inflammatory diseases. Clin Microbiol
Rev (1996) 9(4):532–62. doi: 10.1128/CMR.9.4.532

99. Guzzo C, Ayer A, Basta S, Banfield BW, Gee K. IL-27 enhances LPS-induced
proinflammatory cytokine production via upregulation of TLR4 expression
and signaling in human monocytes. J Immunol (2012) 188(2):864–73. doi:
10.4049/jimmunol.1101912

100. El Chartouni C, Rehli M. Comprehensive analysis of TLR4-induced
transcriptional responses in interleukin 4-primed mouse macrophages.
Immunobiology (2010) 215(9-10):780–7. doi: 10.1016/j.imbio.2010.05.032

101. Lang T, Lee JP, Elgass K, Pinar AA, Tate MD, Aitken EH, et al. Macrophage
migration inhibitory factor is required for NLRP3 inflammasome activation.
Nat Commun (2018) 9(1):2223. doi: 10.1038/s41467-018-04581-2

102. Mortaz E, Henricks PA, Kraneveld AD, Givi ME, Garssen J, Folkerts G.
Cigarette smoke induces the release of CXCL-8 from human bronchial
epithelial cells via TLRs and induction of the inflammasome. Biochim
Biophys Acta (2011) 1812(9):1104–10. doi: 10.1016/j.bbadis.2011.06.002.

103. Liao Y, Hussain T, Liu C, Cui Y, Wang J, Yao J, et al. Endoplasmic reticulum
stress induces macrophages to produce il-1b during mycobacterium bovis
infection via a positive feedback loop between mitochondrial damage and
inflammasome activation. Front Immunol (2019) 10:268. doi: 10.3389/
fimmu.2019.00268

104. Luksch H, Schlipfenbacher V, Köhler S, Münch F, Winkler S, Schulze F, et al.
Expression of Caspase-1 variants induced ER stress. Pediatr Rheumatol
(2015) 13(1):1–. doi: 10.1186/1546-0096-13-S1-P17

105. Lin JH, Walter P, Yen TB. Endoplasmic reticulum stress in disease
pathogenesis. Annu Rev Pathol Mech Dis (2008) 3:399–425. doi: 10.1146/
annurev.pathmechdis.3.121806.151434

106. Manousou P, Kolios G, Valatas V, Drygiannakis I, Bourikas L, Pyrovolaki K,
et al. Increased expression of chemokine receptor CCR3 and its ligands in
ulcerative colitis: the role of colonic epithelial cells in in vitro studies. Clin Exp
Immunol (2010) 162(2):337–47. doi: 10.1111/j.1365-2249.2010.04248.x

107. Günther C, Wozel G, Meurer M, Pfeiffer C. Up-regulation of CCL11 and
CCL26 is associated with activated eosinophils in bullous pemphigoid.
Clin Exp Immunol (2011) 166(2):145–53. doi: 10.1111/j.1365-
2249.2011.04464.x

108. Burke-Gaffney A, Hellewell PG. Eotaxin stimulates eosinophil adhesion to
human lung microvascular endothelial cells. Biochem Biophys Res Commun
(1996) 227(1):35–40. doi: 10.1006/bbrc.1996.1463

109. Efraim AHNB, Levi-Schaffer F. Roles of eosinophils in the modulation of
angiogenesis. Angiogenesis Lymphangiogenesis Clin Implications (2014)
99:138–54. Karger Publishers. doi: 10.1159/000353251

110. Jin L, Liu W-R, Tian M-X, Jiang X-F, Wang H, Zhou P-Y, et al. CCL24
contributes to HCC malignancy via RhoB-VEGFA-VEGFR2 angiogenesis
pathway and indicates poor prognosis. Oncotarget (2017) 8(3):5135. doi:
10.18632/oncotarget.14095

111. Lopez-Pastrana J, Ferrer LM, Li Y-F, Xiong X, Xi H, Cueto R, et al. Inhibition
of caspase-1 activation in endothelial cells improves angiogenesis a NOVEL
February 2021 | Volume 11 | Article 607881

https://doi.org/10.4049/jimmunol.1302839
https://doi.org/10.1016/j.jprot.2014.01.024
https://doi.org/10.1016/j.jprot.2014.01.024
https://doi.org/10.1016/1043-4666(93)90050-F
https://doi.org/10.1073/pnas.1000779107
https://doi.org/10.1074/jbc.M110.203398
https://doi.org/10.1074/jbc.271.47.29830
https://doi.org/10.1038/emboj.2009.163
https://doi.org/10.4049/jimmunol.1402658
https://doi.org/10.1016/j.ceca.2011.03.003
https://doi.org/10.1186/s40779-015-0039-0
https://doi.org/10.1038/nrmicro2070
https://doi.org/10.1016/S1097-2765(00)80307-X
https://doi.org/10.1093/jmcb/mjz020
https://doi.org/10.1186/1476-4598-11-87
https://doi.org/10.5114/aoms.2016.63743
https://doi.org/10.1089/teb.2007.0150
https://doi.org/10.1089/teb.2007.0150
https://doi.org/10.1007/s00432-019-03080-1
https://doi.org/10.1007/s00432-019-03080-1
https://doi.org/10.1038/cddis.2013.562
https://doi.org/10.1038/nature15514
https://doi.org/10.1016/j.intimp.2018.12.019
https://doi.org/10.1016/j.cub.2016.02.019
https://doi.org/10.1016/j.imbio.2012.07.020
https://doi.org/10.1182/blood.V77.9.1859.bloodjournal7791859
https://doi.org/10.1111/j.1365-2222.2005.02246.x
https://doi.org/10.1073/pnas.0306906101
https://doi.org/10.1073/pnas.0306906101
https://doi.org/10.1128/IAI.66.2.608-614.1998
https://doi.org/10.1128/CMR.9.4.532
https://doi.org/10.4049/jimmunol.1101912
https://doi.org/10.1016/j.imbio.2010.05.032
https://doi.org/10.1038/s41467-018-04581-2
https://doi.org/10.1016/j.bbadis.2011.06.002
https://doi.org/10.3389/fimmu.2019.00268
https://doi.org/10.3389/fimmu.2019.00268
https://doi.org/10.1186/1546-0096-13-S1-P17
https://doi.org/10.1146/annurev.pathmechdis.3.121806.151434
https://doi.org/10.1146/annurev.pathmechdis.3.121806.151434
https://doi.org/10.1111/j.1365-2249.2010.04248.x
https://doi.org/10.1111/j.1365-2249.2011.04464.x
https://doi.org/10.1111/j.1365-2249.2011.04464.x
https://doi.org/10.1006/bbrc.1996.1463
https://doi.org/10.1159/000353251
https://doi.org/10.18632/oncotarget.14095
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Tezcan et al. Pharmacological Targeting NLRP3 in Cancer
THERAPEUTIC POTENTIAL FOR ISCHEMIA. J Biol Chem (2015) 290
(28):17485–94. doi: 10.1074/jbc.M115.641191
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Frontiers in Immunology | www.frontiersin.org 20
Copyright © 2021 Tezcan, Garanina, Alsaadi, Gilazieva, Martinova, Markelova,
Arkhipova, Hamza, McIntyre, Rizvanov and Khaiboullina. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
February 2021 | Volume 11 | Article 607881

https://doi.org/10.1074/jbc.M115.641191
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Therapeutic Potential of Pharmacological Targeting NLRP3 Inflammasome Complex in Cancer
	Introduct&inodot;on
	Methods
	Cell Lines
	Primary Cell Isolation and Maintenance
	Ethics Statement
	Western Blot
	Enzyme-Linked Immunosorbent Assay
	Annexin V Analysis
	Real-Time Cell Proliferation Assay
	Lactate Dehydrogenase Assay
	Sphere Formation Assay
	JC-1 Staining to Detect Mitochondrial Membrane Potential (&Delta;&psi;m)
	Cytokine Assay
	Transmission Electron Microscopy
	Endothelial Cell Tube Formation Assay
	Statistical Analyses

	Results
	Analysis of NLRP3 Activation and Inhibition After Nigericin and VX765 Treatment
	Nigericin Inhibits, While VX765 Stimulates Tumor Cell Viability and Proliferation
	VX765 Increases the Release of CCL24, While Nigericin Increases MIF Production
	The Effect of Targeting NLRP3 Inflammasome on Mitochondria Structure and Function
	Suppressing Caspase 1 Activity with VX765 Stimulates Angiogenesis

	D&inodot;scuss&inodot;on
	The Effect of NLRP3 Activation With Nigericin
	The Effect of VX765 on Inflammasome Function

	Data AvailabilityStatement
	Author Contributions
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


