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Background: Following our 2015 elucidation of the CASP1/NALP3 inflammasome mechanism of glucocorticoid (GC)-resistance in
pediatric acute lymphoblastic leukemia (ALL) patients, we engineered a cell-based CASP1/NALP3 reporter system suitable for high-
throughput screening (HTS) of small molecule libraries, with the purpose of identifying compounds capable of inhibiting the CASP1/
NALP3 inflammasome and synergizing with GC drugs for the treatment of GC-resistant ALL patients and various autoinflammatory
diseases.
Methods: A Dox-controlled system was utilized to induce the expression of the ASC transgene in HEK293 cells while simultaneously
overexpressing NLRP3 and CASP1. ASC/CASP1/NALP3 inflammasome complex formation was confirmed by co-immunoprecipita-
tion (co-IP) experiments. Next, a LV fluorescence-based biosensor (CASPorter) was transduced in the HEK293-iASC-NLRP3/CASP1
cell line to monitor the real-time activation of CASP1/NALP3 inflammasome in live cells. The applicability and effectiveness of the
CASPorter cell line were tested by co-treatment with Dox and four known CASP1/NLRP3 inhibitors (MCC950, Glyburide, VX-765
and VRT-043198). Inflammasome activation and inhibitions were assessed by Western blotting, fluorescence microscopy and flow
cytometry (FC) methods.
Results: Dox treatment significantly induced ASC expression and increased levels of cleaved and catalytically active CASP1, co-IPs
further demonstrated that CASP1 was pulled-down with NLRP3 in HEK293-iASC-NLRP3/CASP1 cells after induction of ASC by
Dox treatment. In HEK293-iASC-NLRP3/CASP1-CASPorter cell system, cleavage of the CASP1 consensus site (YVAD) in the
CASPorter protein after Dox treatment causing excitation/emission of green fluorescence and the 71% GFP+ cell population increase
quantified by FC (78.1% vs 6.90%). Dox-induced activation of the NLRP3 inflammasome was dose-dependently inhibited by Dox co-
treatment with four known CASP1/NLRP3 inhibitors.
Conclusion:We have established a cell-based CASP1/NLRP3 inflammasome model, utilizing a fluorescence biosensor as readout for
qualitatively observing and quantitatively determining the activation of caspase 1 and NLRP3 inflammasomes in living cells and easily
define the inhibitory effect of inhibitors with high efficacy.
Keywords: cell-based biosensor, NALP3 inflammasome, CASP1, ASC

Introduction
Glucocorticoids (GCs) are anti-inflammatory drugs used for the treatment of multiple diseases including pediatric acute
lymphoblastic leukemia (ALL).1–3 GC resistance is a major challenge in the implementation of multi-drug therapy, and
ALL patients that present with de novo or acquired GC resistance have a less favorable prognosis.4,5 Based on multiple
causative mechanisms related to steroid resistance in ALL patients, we reason that synergistic co-treatment of GCs with
small molecule inhibitors targeting these pathways could potentially reduce or prevent GC resistance. This may lead to
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possible combination therapeutic approaches in GC-resistant ALL patients.6–8 In addition, such small molecule inflam-
masome inhibitors could also be developed for the treatment of various autoinflammatory diseases.

In 2015, we reported that the activation of the CASP1/NALP3 (NACHT, LRR and PYD domains-containing protein
3) inflammasome in primary ALL cells caused CASP1-mediated cleavage and inactivation of the GR and subsequent GC
resistance.9 The CASP1/NALP3 inflammasome is a large multiprotein complex comprised NLRP3, the adaptor protein
ASC, and the cysteine protease pro-caspase 1.10 The CASP1/NALP3 inflammasome can be activated both by exogenous
stimuli and host-derived molecules, including extracellular ATP, glucose or monosodium urate crystals, or chemicals
such as nigericin.11 Generally, the activation of the CASP1/NALP3 inflammasome complex requires 2 steps.12,13 The
first step, priming, involves the binding of bacterial lipopolysaccharide (LPS) to Toll-like receptor 4 (TLR4), which, in
turn, leads to NF-kB activation, critical for transcriptional upregulation of both pro-IL-1β and NLRP3. This priming step
is essential because pro-IL-1β is not constitutively expressed and basal levels of NLRP3 are inadequate for efficient
inflammasome formation.12 The second or activation step is induced by a wide range of structurally dissimilar NLRP3-
activating stimuli (including ATP, nigericin, etc.), resulting in the assembly of the 3-component inflammasome, consist-
ing of the adaptor protein ASC, NLRP3, and pro-Caspase 1. Finally, inflammasome formation results in the autopro-
teolytic activation of caspase 1. Once enzymatically active, caspase 1 can process the cytokines pro-IL-1β and pro-IL-18
into their mature secreted forms.12 These related cytokines cause a wide variety of biological effects associated with
infection, inflammation and autoimmune processes.14

Following our 2015 elucidation of the NALP3 inflammasome mechanism of GC-resistance in pediatric ALL patients,
we decided to engineer a cell-based model suitable for high-throughput screening (HTS) of small molecule libraries, with
the aim to identify compounds capable of inhibiting the CASP1/NALP3 inflammasome and synergizing with GC drugs
for the treatment of GC-resistant ALL patients. We adopted a Tetracycline (Tet)-controlled system to be able to induce
the expression of the ASC transgene in human embryonic kidney (HEK293) cells, while simultaneously overexpressing
NLRP3 and pro-CASP1. Without induction of ASC, constitutively overexpressed CASP1 and NLRP3 are incapable of
inflammasome formation and activation. Thus, instead of the priming/activating stimuli mentioned above, inducible ASC
functions as the off/on switch, operated by Tetracycline or the orthologous drug Doxycycline (Dox). Finally, to be able to
monitor and measure inflammasome activation or inhibition in the ASC-inducible HEK293 cell model, we engineered a
fluorescent inflammasome Biosensor (CASPorter, GFP-based caspase 1 activity sensor). The CASPorter is designed with
a Caspase 1 consensus tetrapeptide cleavage site (YVAD) integrated within GFP, which prevents fluorescence. Cleavage
of the caspase 1 cleavage site by activated Caspase 1 causes conformational changes in GFP, resulting in green
fluorescence which can be measured/monitored in live cells. Ultimately, the effectiveness of (potential) NLRP3/
CASP1 inhibitors on the inflammasome activity can be determined by measuring the reduction in GFP fluorescence.

Materials and Methods
Gene Design
The synthetic NLRP3-CASP1 dual expression plasmid consisted of 7039 bp, of which 4329 bp encodes NLRP3-CASP1.
Restriction sites for Nhel at the 5′ end and BamHI at the 3′ end to facilitate cloning (Supplementary Figure 1). The
synthetic Myc-ASC gene consisted of 672 bp. The salient features of the codon-optimized Myc-ASC gene include a
Kozak consensus (GCCACCATGG) 5′ to the ATG start codon (Kozak 1991), and restriction sites for EcoRVat the 5′ end
and DraI at the 3′ end to facilitate cloning. The sequence encoding the Myc-ASC gene was optimized for mammalian cell
codon usage (Supplementary Figure 2).

Plasmids
Plasmid of pLenti CMV TetR Blast (716-1) (#17492, Addgene, USA) was purchased from Addgene. pUC57 plasmid
containing NLRP3-CASP1 gene (PUC57-CASP1-T2A-NLRP3-R260W), pUC57 plasmid contains ASC gene (pUC57-
MYC-ASC) and CASPorter plasmid was synthesized and purchased from GenScript. CD514B-1/NLRP3-CASP1 con-
struct was generated by inserting CASP1-T2A-NLRP3-R260W cDNA from PUC57-CASP1-T2A-NLRP3-R260W
plasmid as a Nhel-BamHI fragment into the lentiviral backbone pCDH-CMV-MCS-EF1α-Neo/CD514B-1 (empty vector;
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System Biosciences, USA). pLenti-puro/myc-ASC construct was generated by inserting MYC-ASC cDNA from pUC57-
MYC-ASC as an EcoRV-DraI fragment into the tetracycline-inducible pLenti-Puro lentiviral vector (#39481, Addgene,
USA). The correctness of insertion was confirmed by digestion with EcoRV/DraI and DNA sequencing (Hartwell center,
St. Jude Children’s Research Hospital, USA).

Cell Culture
Hek293 and Hek293T cell lines were purchased from the American Type Culture Collection (ATCC, USA). HEK293,
HEK293T cells were cultured in Dulbecco’s modified Eagle’s media (DMEM) supplemented with 10% fetal bovine
serum (FBS). Tetracycline-Inducible HEK293 cells were cultured in DMEM supplemented with 10% Tet system
approved FBS (Takara, Japan) in a humidified 5% CO2 incubator at 37°C. All cells were passaged every 2 or 3 days,
and viability was assessed by staining with trypan blue each time at passage.

Lentivirus Package and Transduction of HEK293 Cells
Viral packaging was done in HEK293T cells follow standard protocol, lentiviral constructs pLenti CMV TetR Blast,
CD514B-1/NLRP3-CASP1, pLenti-puro/myc-ASC, CASPorter were co-transfected with packing plasmid CAG-KGP1-
1R, HDM-G and CAG4-RTR2 into HEK293T cells using lipofectamine 2000 (Invitrogen, Carlsbad, California, USA).
After 48 h, virus particles were harvested and concentrated with Lenti-X™ GoStix™ (clontech, PT5185-2). For
transduction, HEK293 cells were plated in 60 mm2 dishes at 8×105 cells per dish one day before, then transduce cells
with low, medium, or high concentration of virus with and 8ug/mL polybrene and then the cells were selected with
blasticidin (TetR), puromycin (ASC), neomycin (NLRP3/CASP1) and FACS (CASPorter). HEK293T, HEK293 cells
were routinely authenticated and screened for mycoplasma.

Cell Treatment
Unless otherwise specified, HEK293 cells were seeded in six-well plates one day before treatment at 3.0×105 cells per
well and incubated overnight at 37°C in a humidified 5% CO2 incubator. After removing culture media, 25 ng/mL Dox in
5 mL fresh media was added to for 24 h to induce ASC expression. For inhibition test, cells were seeded and co-
treatment with MCC950 (0–50 μM), Glyburide (0–200 μM), VX-765 (0–50 μM), VRT-043198 (0–50 μM) and Dox 25
ng/mL for 24 h. Doxycycline hyclate, MCC950, and VX-765, blasticidin, neomycin, puromycin were purchased from
Sigma-Aldrich (USA).

Western Blotting
After desired treatment, cells were pelleted by centrifugation washed once with PBS, and lysed with RIPA buffer (Sigma,
R0278-50ML) added cOMPLETE Protease inhibitors (Roche, 11836170001), 1×PhosStop (Roche, 04906845001) and
Benzonase (EMD Millipore, EM71205-3, 5 μL/mL RIPA buffer). Proteins were loaded onto 4–12% Novex Bis-Tris gels
(Life Technologies, USA) and then transblotted to PVDF membranes (Life Technologies, USA). Antibody to TetR
monoclonal antibody (Clontech, 631132), Caspase 1 (Adipogen, AG-20B-0048), NLRP3 (Adipogen, AG-20B-0014-
C100), ASC (Santa Cruz Biotechnology, sc-514414), LacZ (Santa Cruz Biotechnology, sc-377257), GAPDH (Santa Cruz
Biotechnology, sc-47724) was used as primary antibody. All primary antibodies were used with a dilution of 1:1000,
followed by incubation with appropriate horseradish peroxidase (HRP)-conjugated secondary IgG (Dako). The secondary
antibodies were used with a dilution of 1:10,000. Signal intensities for all proteins were quantified using Image Studio
Lite (Li-Cor, Version 5.2).

Co-Immunoprecipitation Assay
Co-immunoprecipitation (Co-IP) assays were performed based on Samir Parimal’s protocol.15 Basically, after desired
treatment, cells were lysed in NP-40 lysis buffer (1% NP-40, 150 mM NaCl, 50 mM HEPES), and lysates were cleared
by centrifugation at maximum speed for 15 min. Whole-cell lysates were incubated with 4 μg of the indicated primary
antibodies on a rocking platform for 4–5 h at 4°C. Protein A/G PLUS-Agarose (Santa Cruz, USA) beads were washed,
incubated for 30 min with 3% BSA and then added to the samples. Incubation was continued for an additional 2 h on the
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rocking platform. The agarose beads were collected by centrifugation and washed three times with the NP-40 lysis buffer.
After washes, immunoprecipitates were eluted in sample buffer and used for immunoblotting analysis.

Imaging and Flow Cytometric Analysis
After desired treatment, the fluorescence was captured with Fluorescence Imaging System (Olympus, USA). Then, cells
were harvested and resuspended in PBS and immediately analyzed using BD FACS Melody (BD Biosciences, U.S.A.).
Results were analyzed with FlowJo software (TreeStar; Ashland, OR). HEK293 were gated first on live RFP+ cells
followed by GFP+ population.

FACS Sorting
After desired treatment, cells were collected and washed with PBS for once. Cell then resuspended in fresh medium and
filtered through a 40-μm mesh. GFP-RFP+ expressing cells were isolated using BD FACS Melody (BD Biosciences,
USA) into 96-well plate. Approximately 200 cells were sorted per population for each experiment. All analyzed
populations were collected simultaneously.

IncuCyte ZOOM
HEK293-NLRP3/CASP1-iASC or iLacZ cells were seeded in 96-well plate (2 × 104/well) one day before treatment and
incubated overnight at 37°C in a humidified 5% CO2 incubator. Following desired treatment, microtiter plates were
imaged with the IncuCyte ZOOM instrument (Essen BioScience). The default software parameters for a 96 well plate
(Corning) with a 10× objective was used for imaging. The IncuCyte software was used to calculate mean confluence
from four non-overlapping bright phase images of each well. The mean number of GFP+ and RFP+ cells per image was
calculated from four non-overlapping fluorescent images; this value was then to calculate the GFP/RFP ratio per well.

Statistical Analyses
Data are presented as average values from multiple individual experiments each carried out in triplicate or as average
values ± standard deviation (sd) from triplicate measurements in a representative experiment. Nonlinear regression
analysis of inhibitor versus normalized response (variable slope) was performed using Prism Software (GraphPad).
Statistical analysis was carried out using a nonparametric Mann–Whitney t-test, an unpaired two-tailed t-test, or a Log
rank test using Prism software (GraphPad). Data were considered significant when P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001
(***) or P ≤ 0.0001 (****).

Results
Construction of a Dox-Inducible NLRP3/CASP1-iASC-HEK293 Cell Line
To establish a cell-based model for high-throughput (HTP) screening of small molecule inhibitors of the NLRP3
inflammasome with high efficiency and stability, we performed Lentivirus (LV) transductions to generate a stepwise
series of human embryonic kidney (HEK293) cell lines. First, we constitutively overexpressed the Tet repressor (TetR),
followed by the constitutive co-expression of CASP1 and NLRP3, and, finally, we added ASC, whose expression
remains silent unless induced by Tet or the ortholog drug Dox (CASP1/NLRP3-iASC-HEK293; Figure 1A).

For the first engineering step, we transduced HEK293 cells with a TetR LV expression plasmid, followed by selection
of blasticidin-resistant cell population. Constitutive TetR expression levels were confirmed on Western blots (Figure 1A).
Subsequently, these cells were used for the second genetic engineering step, the LV transduction of co-expressed CASP1/
NLRP3 to obtain HEK293-TetR-NLRP3/CASP1 cells (Figure 1A). In the final LV transduction step, dox-inducible-ASC
(iASC) or a dox-inducible-LacZ (iLacZ) control plasmid, were cloned downstream of the Tet Operator (TetO) in the LV
expression plasmid pLenti-Puro, and subsequently transduced in HEK293-TetR-NLRP3/CASP1 cells. In the control cell
line, ASC was replaced by LacZ, and although these cells also constitutively co-express NLRP3 and CASP1, lacking
ASC, these cells are inflammasome deficient. In these cell lines, expression of ASC or LacZ is repressed unless TetR is
released from the TetO by treatment by Dox. To induce expression, the resulting cell lines, HEK293-iASC-NLRP3/
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Figure 1 Protein expression profile in manipulated HEK293 cell line and schematic depiction of Caspase 1 activation. (A) Full expression profile of proteins (TetR, ASC,
LacZ, Pro-caspase-1, Cleaved-caspase-1, NLRP3 and house keeping gene GAPDH) in a range of manipulated HEK 293 cell lines in the presence or absence of 25 ng/mL Dox
treatment for 24h; (B) schematic illustration of the CASP1/NLRP3-iASC-HEK293 model works in the presence or absence of Dox in the system. The TetR protein was
expressed using a TetR-containing plasmid capable of interacting with the Tet responsive element (TRE) of the Tet operator (TetO) in the tetracycline-dependent promoter
upstream of the target gene ASC, which interfered the expression of ASC protein although NLRP3/CASP1 simultaneously expressed stably in the cells, the inflammasome
was not assembly (inactive). Once Dox is added in this system, it will bind to TetR and cause conformational changes in the repressor, making it unable to bind to the TetO.
The TetR-Tet complex then dissociates from the TetO and allows induction of transcription from ASC. Increased ASC protein together with the high levels of NLRP3/
CASP1 lead to the assembly of the Nlrp3 inflammasome. The activation of NLRP3 inflammasome subsequently cleaved pro-caspase 1 and initiated downstream reactions
(active). Data is representative of three independent experiments. 1b was created with BioRender.com.
Abbreviations: Dox, doxycycline; TetR, tetracycline repressor; TetO, tetracycline operator.
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CASP1 and HEK293-iLacZ-NLRP3/CASP1, were treated with Dox for 24 hours, and analyzed on Western blots for the
expression of ASC and LacZ (Figure 1A). A schematic illustration of the mechanism of the in vitro model of Dox-
inducible iASC/NLRP3/CASP1 inflammasome is shown in Figure 1B. The constitutively expressed TetR protein
interacts with the Tet responsive element (TRE) of the TetO in the Tet-dependent promoter upstream of the target
gene ASC, or lacZ in the control cells, and prevents transcriptional activation of the transgenes.16 Once added to the cells,
Dox will bind to TetR, causing it to conformationally change, thereby rendering it incapable to bind to the TetO, allowing
transcriptional activation of ASC or LacZ. Dox-induced expression of ASC leads to the assembly of functional ASC/
NLRP3/CASP1 inflammasome complex, whereby the pro-caspase 1 zymogen is autoactivated into a p10/p20 catalyti-
cally active heterodimer. In HEK293-iASC-NLRP3/CASP1 cells inflammasome activation was confirmed by signifi-
cantly increased level of cleaved CASP1 (Figure 1A and Supplementary Figure 6), indicating that the NLRP3
inflammasome complex was formed by Dox treatment, independent of the addition of LPS and exogenous stimuli
such as ATP or nigericin, typically needed for inflammasome activation (Figure 1B).

NLRP3 Interaction with ASC and CASP1 During Dox-Induced NALP3 Inflammasome
Activation
To test whether Dox-induced ASC expression resulted in CASP1/NALP3 inflammasome complex formation, we
performed co-immunoprecipitation (co-IP) experiments in HEK293-iASC-NLRP3/CASP1 and HEK293-iLacZ-
NLRP3/CASP1 control cells after treatment with Dox for 24 h. As shown in Figure 1A (second panel from the top),
ASC was induced after Dox treatment in HEK293-iASC-NLRP3/CASP1 cells but not in iLacZ control cells. Co-IPs in
both cell lines using an anti-NLRP3 antibody demonstrated that after 24 hours of Dox treatment, CASP1 was pulled-
down with NLRP3, but only in HEK293-iASC-NLRP3/CASP1 cells and not in the corresponding iLAcZ control cells
(Figure 2, top panel). This indicates that the expression of ASC is a prerequisite for the ASC-induced inflammasome
formation between CASP1 and NLRP3.

Expression of a Caspase 1 Biosensor – CASPorter – in HEK293-iASC-NLRP3/CASP1
Cells
To monitor the activation of CASP1/NALP3 inflammasome in live cells, we engineered a LV fluorescence-based
biosensor (CASPorter) expressed in HEK293-NLRP3/CASP1-iASC or iLacZ control cells. Two fluorescent proteins
(RFP and GFP) were included in the CASPorter construct. Constitutively expressed RFP was utilized to monitor cell
populations stably expressing the biosensor, whereas a GFP-based caspase 1 Activity Biosensor was obtained by
modifying a previously reported Caspase 3 biosensor.17 We replaced the Caspase 3 DEVD tetrapeptide cleavage site,
which was engineered within the GFP protein to prevent green fluorescence unless cleaved by Caspase 3, with the
Caspase 1-specific YVAD tetrapeptide cleavage site (Figure 3A and B). Caspase 1-cleavage at the YVAD site within GFP
protein results in a conformational change allowing the excitation/emission of green fluorescence (Figure 3C). This was
tested by adding Dox to HEK293-NLRP3/CASP1-iASC/CASPorter cells, resulting in CASP1/NLRP3 inflammasome
activation, and subsequent activation of the CASPorter as indicated by acquisition of GFP signal and increased GFP/RFP
ratio over time. Next, we used known small molecule Caspase 1 and NLRP3 inhibitors to prevent Caspase 1 cleavage of
the YVAD site in GFP and measured a reduction in GFP signal and a decrease in GFP/RFP ratio (Figure 3C). The
validity and functionality of our in vitro HEK293 CASP1/NLRP3 inflammasome Biosensor was confirmed by real-time
detection of inflammasome activity, measuring increased levels of GFP/RFP ratio after Dox treatment (0 to 24 hours),
and by measuring inhibition of GFP fluorescence intensity after co-treatment with Dox and the NLRP3 inhibitor
MCC950 in HEK293-NLRP3/CASP1-iASC cells but not in HEK293-NLRP3/CASP1-iLacZ cells (Figure 3D).

Single Cell Cloning of HEK293-iASC-NLRP3/CASP1-CASPorter
To improve the GFP/RFP in HEK293-NLRP3/CASP1-iASC/CASPorter cells after treatment with Dox, we obtained
single cell clones by fluorescence activated cell sorting (FACS) for RFP intensity into 96-well culture plates. After
sorting, single cell clones were cultured for 2–3 weeks to allow for cell growth and expansion and subsequently analyzed
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the clonal cell lines on Western blots to select clones with the highest expression levels of GFP after Dox-induction. After
clone selection, when assessed by fluorescent microscopy, the GFP+ population and GFP/RFP ratio were significantly
increased after Dox treatment, but only in HEK293-iASC-NLRP3/CASP1-CASPorter cells, and not in either of two
control cell lines, HEK293-iLacZ-NLRP3/CASP1-CASPorter and HEK293-iASC-NLRP3/CASP1-control, that had also
been single cell-sorted (Figure 4A). The GFP+ population quantified by flow cytometric analysis showed a 71% GFP+
cell population increase in HEK293-iASC-NLRP3/CASP1-CASPorter cells after Dox treated for 24 h (78.1% vs 6.90%),

Figure 2 Co-immunoprecipitation (co-IP) of CASP 1 with NLRP3 in HEK293-iASC-NLRP3/CASP1 cells after Dox-induced ASC expression. HEK293-iASC-NLRP3/CASP1
or HEK293-iLacZ-NLRP3/CASP1 cells were seeded in six-well plates overnight and treated with Dox 25 ng/mL for 24h. Cell lysates were extracted and co-immunopre-
cipitation was performed using anti-NLRP3 antibody. Lysates (inputs) and immunoprecipitated proteins were analyzed by immunoblotting using CASP1, NLRP3 and GAPDH
antibodies. GAPDH was used as a loading control for the inputs while iLacZ control cells (right 2 lanes) were used as the negative control for the co-immunoprecipitation
experiments.

Figure 3 Schematic illustration of CASPorter generation in HEK293-iASC-NLRP3/CASP1 cells. (A) Scheme for the CASPorter and the GFP-based caspase-1 activity indicator
(GC1A1); (B) cleavage site of GC1AI versus the reported GFP-based caspase-3 activity indicator (GC3AI); (C) schematic representation of the switch-on or switch-off of
the GFP intensity (reflected by GFP:RFP ratio), indicating the inhibitory effect of small molecule inhibitors on the activation of the NALP3 inflammasome. (D) GFP intensity
increased overtime with Dox 25 ng/mL treated for 24h, and co-treatment with the reported NLRP3 inhibitor MCC950 showed dose-dependent inhibition by in HEK293-
NLRP3/CASP1-iASC cells but not in HEK293-NLRP3/CASP1-iLacZ cells. ##p < 0.001 compared to control, *p < 0.01 compared to Dox treatment at the same time point,
**p < 0.001 compare to Dox treatment at the same time point.
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but no difference in GFP was detected in either control cell lines HEK293-iLacZ-NLRP3/CASP1-CASPorter or
HEK293-iASC-NLRP3/CASP1-control (Figure 4B and C). Correspondingly, there was a substantially increased level
of cleaved Caspase 1, consistent with decreased pro-Caspase 1 in HEK293-iASC-NLRP3/CASP1-CASPorter (Figure 4D,
lanes 2 and 6).

Effect of Known NALP3 Inflammasome Inhibitors on Dox-Induced Fluorescent
Intensity in HEK293-iASC-NLRP3/CASP1-CASPorter Cells
We further assessed the inhibitory effect of four know NLRP3/CASP1 inhibitors (Glyburide, MCC950, VX-765, VRT-
043198).18–20 in HEK293-NLRP3/CASP1-iASC-CASPorter cells. After 24 h Dox co-treatment with each of the
individual inhibitors, we showed that Dox-induced activation of NLRP3 inflammasome was dose-dependently inhibited
(Figure 5A and Supplementary Figure 3). The IC50 values were 62.75, 0.46,1.85, and 4.66 μM for Glyburide, MCC950,
VX-765 and VRT-043198, respectively (Figure 5C). As expected, there was no inhibition detected in HEK293-NLRP3/
CASP1-iLacZ -CASPorter control cells for any of the inhibitors, confirming that without ASC expression, constitutively
expressed CASP1 and NLRP3 are unable to form an active inflammasome (Figure 5B and Supplementary Figure 4).

Figure 4 Identification of HEK293-NLRP3/CASP1-iASC-CASPorter clones by fluorescent microscope and flow cytometry. (A) Changes of GFP+ population after Dox 25
ng/mL treatment for 24h in HEK293-NLRP3/CASP1-iASC-CASPorter, HEK293-NLRP3/CASP1-iLacZ-CASPorter and HEK293-NLRP3/CASP1-iASC-Control under fluores-
cent microscope; (B) quantification of GFP+ population in the presence or absence of Dox for iASC-CASPorter, iLacZ-CASPorter and iASC-Control with flow cytometry.
(C) statistical results of GFP+ population in iASC-CASPorter, iLacZ-CASPorter and iASC-Control with flow cytometry. (D) Protein expression (ASC, LacZ, Pro-caspase-1,
Cleaved-caspase-1, NLRP3 and house keeping gene GAPDH) of iASC-CASPorter, iLacZ-CASPorter and iASC-Control with or without Dox 25 ng/mL treatment for 24h.
Images are representative of three independent experiments. Values represent mean ± s.d. N3, NLRP3 C1, CASP1.
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Discussion
It is well established that the NALP3 inflammasome plays a crucial role in the development and progression of multiple
human diseases, eg, autoimmune disease, autoinflammatory syndromes, cancer, neurodegenerative disorder, metabolic
disease, etc.21,22 In addition, we showed previously that a novel mechanism of GC resistance in primary ALL cells was
related to the activation of the CASP1/NALP3 (NACHT, LRR and PYD domains-containing protein 3) inflammasome,
expanding the understanding of NLRP3 inflammasome.9 In ALL blastocysts, treatment with GCs (dexamethasone,
prednisolone) functions by activating the glucocorticoid receptor (GR) and inducing apoptosis in glucocorticoid-sensitive
ALL patients.23 However, for about 20% of ALL patients that present with de novo or acquired GC resistance the
prognosis is less favorable.24 Through genome wide association study (GWAS) of 444 newly diagnosed ALL leukemia
patients, we showed that in newly diagnosed and relapsed patients the transcription and expression of two key
components of the CASP1/NALP3 inflammasome pathway, Caspase 1 (CASP1) and NLR (NOD-like receptor) family
pyrin domain containing 3 (NLRP3) where significantly increased in GC resistant ALL compared to sensitive ALL
patients.9 We elucidated the mechanism of GC resistance by showing that constitutively activated NALP3 inflammasome

Figure 5 Effect of representative inhibitors of NLRP3 inflammasome on the fluorescent intensity in HEK293-NLRP3/CASP1-iASC-CASPorter and HEK293-NLRP3/CASP1-
iLacZ-CASPorter. (A and B) The Dox-induced activation of NLRP3 inflammasome was dose-dependently inhibited by co-treatment with four reported inhibitors (MCC950
0–50 μM, Glyburide 0–200 μM, VX-765 0–50 μM, VRT-043198 0–50 μM) in HEK293-NLRP3/CASP1-iASC-CASPorter cells (A), but not in HEK293-NLRP3/CASP1-iLacZ-
CASPorter cells (B). (C) Flow cytometric analysis of GFP+ population in these two cell models after co-treatment with Dox 25ng/mL and inhibitors (MCC950, Glyburide,
VX-765, VRT-043198) for 24h. The solid and hollow symbols indicate HEK293-NLRP3/CASP1-iASC-CASPorter or -iLacZ cells, respectively. Values represent mean ± s.d.
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caused CASP1-mediated cleavage and inactivation of GR.9 Moreover, in ALL cell lines and ALL xenograft mice,
knockdown and inhibition of Caspase 1 restored GR levels, and sensitized leukemia cells to GC treatment.9,25 A later
genome-wide CRISPR knockout screen further validated the critical role of NLRP3 in GC resistance in ALL patients.26

All these physiological and pharmacological processes involved in the NLRP3 inflammasome provides this target with
huge potential for future treatment options of single or combination therapy.27

To date, several approaches have been used for the identification of small molecule CASP1/NLRP3 inhibitors.28–30

Conventional Western blot detection of cleaved caspase 1 and NLRP3 protein and by ELISA of released caspase 1 and
the downstream production of pro-inflammatory factors (eg, IL-1β, IL-18) in cell lysates and supernatants (cell culture
media, serum, etc.) are the most commonly used methods, but are not ideal for HTP screening of small molecule
compound libraries. Other relatively simple and more sensitive methods involve the detection of caspase 1 catalytic
activity by fluorometric/luminescence measurement, available in various commercial kits, such as Caspase-Glo® 1 Kit
(Promega), and Caspase-1 Assay Kit (Abcam). These kits utilize synthetic peptide substrates containing the specific
caspase 1 cleavage sites (eg, Z-WEHD, YVAD-AFC) which enable detection of catalytically active caspase 1 in cells or
culture media by release of the light-emitting tags, which can be quantified by fluorometry or luminometry to evaluate the
inflammasome activity. However, most of these commercially available kits are very expensive especially when used in
large-scale HTP screens. Another caveat of these reagents for Caspase 1 activity detection is that it can only be used in
cell lysates and supernatants. We were interested in developing an in vitro inflammasome model that would allow us to
measure CASP1/NLRP3 inflammasome activity in real-time in live cells without the need of expensive reagents.
Therefore, we developed an easy to use and highly efficient cell-based CASP1/NLRP3 model for HTP screening and
validation of NALP3 inflammasome inhibitors.

Many studies have been published to explore the underlying mechanisms and therapeutic effects of novel NALP3
inhibitors in vitro and in vivo. In most studies, the activation of NALP3 inflammasomes requires two steps. First, a
priming signal (eg, LPS) induces immune cells to upregulate the expression of NLRP3 and IL-1β through binding to the
Toll-like receptor (TLR) in the plasma membrane, stimulating the downstream NF-κB signaling pathway, which
contributes to a massive increase expression of both NLRP3 and pro-IL-1β. Second, an activating signal (eg, ATP) to
the membrane P2X7R (a ligand-gated acid sensing ion channel receptor) leads to the assembly and activation of the
inflammasome. Subsequently, the NLRP3 inflammasome cleaves pro-caspase 1 to the bioactive form (caspase-1 p20),
which in turn is essential for the cleavage of pro-IL-1β into its mature form IL-1β, as well as the cleavage of full-length
Gasdermin D (FL-GSDMD) into the active N-terminal fragment (GSDMD-N), inducing pore formation in the plasma
membrane, finally leading to pyroptosis, an inflammatory form of cell death (details in Supplementary Figure 5). A
limitation is that the required LPS and ATP and other exogenous stimuli such as nigericin and monosodium urate not
only activate the NALP3 inflammasome, causing cell death by pyroptosis, but are very toxic to cells, confounding the
measurement of Caspase 1 activity and the effect of inflammasome inhibitors on cell viability (Supplementary Figure 7).
Therefore, we decided to use a tetracycline-controlled (Tet-On) gene expression system to regulate the activity of a key
gene, ASC, essential for NALP3 inflammasome activation.31 Finally, we demonstrated that tetracycline-dependent
induction of ASC, co-expressed with NLRP3 and CASP1 in HEK293 cells, resulted in active inflammasome formation
without the need of toxic inflammasome inducers such as ATP or nigericin. Moreover, this in vitro cell system responded
well to several typical NALP3 inhibitors.

Glyburide is an adenosine triphosphatase (ATP)-sensitive potassium (KATP) channel inhibitor for treatment of patients
with type II diabetes, and it was approved by US FDA in 198432 and has become one of the most widely used
sulfonylurea drug in the world.33 Recently, Glyburide was reported to be a NALP3 inhibitor, with good inhibitory
effects at 200 µM in LPS/ATP (or Nigericin)-induced mouse bone marrow-derived macrophages (BMDMs and protec-
tion against LPS-induced lethality in C57BL/6 mice.20 However, the exact mechanism involved in inflammasome
inhibition of glyburide was not fully elucidated, with the hypothesis that glyburide acts upstream of NLRP3.20 We
tested glyburide in Dox-treated NLRP3/CASP1-iASC-CASPorter cells, and showed dose-dependent inhibition of NALP3
inflammasome at concentrations up to 200 µM, with an IC50 of 62.75 µM. Two other inflammasome inhibitors, the
prodrug VX-765 and its active metabolite VRT-043198, which are potent and selective caspase 1 inhibitors, with an IC50
of ~0.7 µM and 1.9 µM in human peripheral blood mononuclear cells (PBMCs) from familial cold autoinflammatory
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syndrome (FCAS) patients, respectively,19,34 whereas MCC950, a specific NLRP3 inhibitor, had an IC50 of 7.5 nM in
BMDMs and 8.1 nM in human monocyte-derived macrophages (HMDMs)18 (for details, see Supplementary Table 1). All
three inhibitors showed potent inhibitory effects on the activation of the NALP3 inflammasome in HEK293-NLRP3/
CASP1-iASC-CASPorter cells, suggesting this model is not only suitable for the identification of CASP1 and NLRP3
inhibitors, but also for screening small molecules that target upstream activators of the NALP3 inflammasome complex.

Conclusion
In summary, we have developed an in vitro cell-based Biosensor Inflammasome model in HEK293 cells, HEK293-
NLRP3/CASP1-iASC-CASPorter, which utilizes tetracycline (Tet)-induced ASC while simultaneously overexpressing
NLRP3 and pro-CASP1, and a fluorescence biosensor as readout for monitoring the activation and inhibition of
inflammasome in live cells. Treatment of cells with four known CASP1/NLRP3 inhibitors (Glyburide, MCC950,
VX765, VRT-043198) showed that this model is very accurate and efficient. The model can qualitatively observe and
quantitatively determine the activation of caspase 1 and NLRP3 inflammasomes in living cells and easily define the
inhibitory effect of inhibitors with high efficiency. We conclude that this cell-based model may be utilized for HTP
screenings of specific NALP3 inflammasome inhibitors and may also be used to validate and perform kinetic analyses of
such inflammasome inhibitors.
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