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NOD-Like Receptor Family Pyrin Domain Containing 3 (NLRP3) inflammasome modulation has emerged as a potential therapeutic approach targeting inflammation amplified by pyroptotic innate immune cell death. In diseases characterized by non-cell autonomous neurodegeneration including amyotrophic lateral sclerosis (ALS), the activation of several inflammasomes has been reported. Since functional redundancy can exist among inflammasome pathways, here we investigate the effects of NLRP3 inhibition on NLRP3, NLR family CARD Domain Containing 4 (NLRC4) and non-canonical pathways to understand whether NLRP3 blockade alone can mitigate pro-inflammatory cytokine release and pyroptotic cell death in contexts where single or multiple inflammasome pathways independent of NLRP3 are activated. In this study we do not limit our insights into inflammasome biology by solely relying on the THP-1 monocytic line under the LPS/nigericin-mediated NLRP3 pathway activation paradigm. We assess therapeutic potential and limitations of NLRP3 inhibition in multi-inflammasome activation contexts utilizing various human cellular systems including cell lines expressing gain of function (GoF) mutations for several inflammasomes, primary human monocytes, macrophages, healthy and Amyotrophic Lateral Sclerosis (ALS) patient induced pluripotent stem cells (iPSC)-derived microglia (iMGL) stimulated for canonical and non-canonical inflammasome pathways. We demonstrate that NLRP3 inhibition can modulate the NLRC4 and non-canonical inflammasome pathways; however, these effects differ between immortalized, human primary innate immune cells, and iMGL. We extend our investigation in more complex systems characterized by activation of multiple inflammasomes such as the SOD1G93A mouse model. Through deep immune phenotyping by single-cell mass cytometry we demonstrate that acute NLRP3 inhibition does not ameliorate spinal cord inflammation in this model. Taken together, our data suggests that NLRP3 inhibition alone may not be sufficient to address dynamic and complex neuroinflammatory pathobiological mechanisms including dysregulation of multiple inflammasome pathways in neurodegenerative disease such as ALS.
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Introduction

ALS is a debilitating and fatal neurodegenerative disorder characterized by loss of motor neurons, progressive muscle atrophy and paralysis. Among the proposed non-cell autonomous mechanisms contributing to ALS disease progression, aberrant innate immune functions in the central nervous system (CNS) (i.e., motor cortex, spinal cord) (1–8) and peripheral nervous system (PNS; i.e., neuromuscular junctions, skeletal muscle) (9–12) are emerging as an important modifiers of motor neuron health and survival. Activation of microglia and macrophages, innate immune cells of the CNS and peripheral tissues, respectively, and subsequent release of inflammatory factors are central events in the neuroinflammatory cascade. Such activation is mediated by pattern recognition receptors (PRRs) which sense molecules released during tissue damage including pathogen-associated molecular patterns (PAMPs) and danger-associated molecular patterns (DAMPs) (13). Among the PRRs receiving much attention in recent years, nucleotide-binding oligomerization domain and leucine-rich repeat-containing receptors (NLRs) form intracellular multiprotein complexes known as inflammasomes in response to PAMP/DAMP sensing (14). Inflammasome assembly results in recruitment and activation of caspase-1 which in turn cleaves inactive interleukin 1 (IL-1) family precursors such as pro-interleukin 1 beta (IL-1β) and pro-interleukin 18 (IL-18) into mature cytokines and gasdermin D facilitating formation of cell membrane pores that result in cytokine release in their transient form and more permanently in a pro-inflammatory form of cell death known as pyroptosis (15). NLRP3 is the most studied inflammasome of the twenty-member family in the context of CNS disease (16) and there is increasing evidence for its involvement in ALS pathophysiology. Firstly, levels of NLRP3 and its adaptor molecule apoptosis-associated speck-like protein (ASC) as well as active caspase-1, IL-1β and IL-18 are elevated in the spinal cord, motor cortex and/or skeletal muscle of ALS patients and in the mutant superoxide dismutase 1 (SOD1) mouse model of ALS (17–21). Secondly, it has been shown that the hallmark mutant protein aggregates including those composed of SOD1 or transactive response DNA-binding protein-43 (TDP-43) can activate the NLRP3 inflammasome in microglia (22–24) with TDP-43-mediated microglia activation causing increased motor neuron death (24). Third, a genetic knockout (KO) of caspase-1 attenuates inflammatory pathology and extends lifespan in mutant SOD1 mice (22). However preclinical and clinical data shows that other inflammasomes are dysregulated in ALS. Levels of the NLRC4 inflammasome are elevated in denervated skeletal muscle of both ALS patients and mutant SOD1 mice (20). In addition, levels of active human caspase-4 and its mouse ortholog caspase-11, central components of the non-canonical inflammasome pathway, are increased in ALS patient brains and in mutant SOD1 mouse spinal cord, respectively (25, 26). While selective inflammasome inhibition is a promising therapeutic approach in monogenic autoinflammatory syndromes associated with NLRP3- or NLRC4-activating mutations (27), we hypothesize that strategies that impact multiple inflammasome pathways may hold more promise in CNS disorders like ALS where multiple inflammasomes are dysregulated (28). Interestingly, recent evidence suggests that depending on species (29, 30), cell type (31) and inflammasome activator (30–36), functional redundancy may exist among inflammasomes suggesting that pharmacological inhibition of NLRP3 may modulate to some degree multiple inflammasome pathways. To date, non-NLRP3 inflammasome activity and the effects of NLRP3 inhibition on non-NLRP3 inflammasome pathways have not been well explored in human microglia. Furthermore, because the application of small molecule inflammasome inhibitors for ALS or other CNS indications involves systemic dosing, it is important to understand the impact of inflammasome inhibition on both peripheral and CNS resident innate immune cells. Here we investigate the impact of NLRP3 blockade in cellular models of multi-inflammasome activation including THP-1 lines carrying GoF mutations for various inflammasomes, peripheral and CNS innate immune cells including iMGL stimulated for NLRP3, NLRC4 canonical and non-canonical pathways. We extend this work to assess the acute impact of NLRP3 inhibition on CNS inflammation in a more complex system such as the mutant SOD1G93A model. Regardless of its limited translatability to broader patient populations, including other familial forms or sporadic ALS, this model captures some degree of inflammatory pathway complexity including multi-inflammasome activation and as such was used in this study in combination with human cellular systems to answer a key scientific question: In a system where multiple inflammasome pathways are active, is inhibition of NLRP3 sufficient to attenuate CNS inflammation?





Materials and methods




Reagents

NLRP3 inhibitor tool compound MCC950 (CP-456773 sodium salt, PZ0280) and dimethyl sulfoxide (DMSO) were obtained from Sigma-Aldrich. Lipopolysaccharide (LPS) from Escherichia coli (O55:B5; ALX-581-013-L002) was obtained from Enzo. Nigericin (tlrl-nig-5) and ultrapure flagellins from Bacillus subtilis (Fla-BS; tlrl-pbsfla), Pseudomonas aeruginosa (Fla-PA; tlrl-pafla) and Salmonella typhimurium (Fla-ST; tlrl-epstfla-5) were obtained from Invivogen (purity >95% and endotoxin levels of <0.05 EU/µg). Propidium iodide (PI; P3566) and Lipofectamine 2000 (LF2000; 11668030) were obtained from ThermoFisher. Anti-mouse antibodies for mass cytometry were obtained either pre-conjugated to metal isotope or conjugated in-house using the Maxpar Antibody Labeling Kit (Fluidigm) following manufacturer’s instructions.





Cell culture





THP-1 cell lines

Wild-type (WT), NLRP3 knockout (KO) and familial Mediterranean fever (MEFV) gene KO THP-1 cell lines were supplied by Invivogen and WT, NLRC4 knock-in (KI), NLRP1 KI and MEFV KI THP-1 cell lines carrying GoF mutations were generated at Synthego as described in Table S1. THP-1 cell lines were maintained in Roswell Park Memorial Institute (RPMI-1640) medium (ThermoFisher) supplemented with 10% heat-inactivated foetal bovine serum (FBS; ThermoFisher), 1% penicillin/streptomycin (P/S; ThermoFisher) and selective antibiotics according to manufacturer’s instruction at 37°C in 5% CO2. THP-1 lines were differentiated into macrophage-like cells following exposure to phorbol 12-myristate 13-acetate (PMA; 100 ng/ml; Sigma-Aldrich) for 72 h and used in inflammasome activation assays.




Culturing and maintenance of hMonocytes and hMDM

Human monocytes (hMonocytes) isolated by negative selection from peripheral blood mononuclear cells of healthy donors were obtained under informed consent from StemCell Technologies. To generate human monocyte-derived macrophages (hMDM), monocytes were cultured for 7 days with half-medium exchanges in Dulbecco’s Modified Eagle Medium (DMEM) GlutaMAX (ThermoFisher) supplemented with 10% endotoxin-low heat-inactivated FBS, 1% P/S and human macrophage colony stimulating factor (M-CSF, 40 ng/ml, ThermoFisher) at 37°C in 5% CO2.





Generation and differentiation to iMGL

Table S2 includes iPSC lines obtained under informed consent from Cedars-Sinai iPSC Core. All lines were assessed using the following quality control parameters: expression of pluripotency markers, functional pluripotency, karyotype analysis and STR profiling. Generation of iMGL was performed as previously described (37) with modifications. Briefly, iPSCs were first differentiated in induced hematopoietic progenitor cells (iHPC) for 10-18 days. On the first 2 days, embryoid bodies are cultured with fibroblast growth factor 2 (FGF2), bone morphogenetic protein 4 (BMP4), and activin A under hypoxic conditions. Between day 2 and 4 culture was maintained in hypoxic conditions in medium supplemented with FGF2 and vascular endothelial growth factor (VEGF). After day 4, cells were grown in normoxic conditions and medium changes were performed every 2 days with media supplemented with FGF2, VEGF, thrombopoietin (TPO), M-CSF, Interleukin 3 (IL-3), and interleukin 6 (IL-6). iHPC were differentiated in iMGL for 15 d with media supplemented with insulin, M-CSF, tumor growth factor beta 1 (TGF-ß1), and interleukin 34 (IL-34). All compounds and media were cell culture grade and purchased from ThermoFisher Scientific, Sigma, and Peprotech.






Inflammasome activation assays

For cytokine release assays, THP-1 and hMonocytes were seeded at 5 x 104 cells/well (96-well plates) or 1.6 x 104 cells/well (384-well plates); hMDM and iMGL were seeded at 1 x 104 cells/well (384-well plates). For PI uptake THP-1 and hMonocytes were seeded at 3.5 x 104 cells/well (96-well plates) or 1.6 x 104 cells/well (384-well plates); hMDM were seeded at 0.2 x 104 cells/well (384-well plates); and iMGL were seeded at 1 x 104 cells/well (384-well plates). MCC950 (dose response range 0.01 -50 µM) or vehicle control (DMSO 0.5% v/v) were added prior to nigericin addition (for NLRP3 activation), flagellin transfection (NLRC4) or LPS transfection (non-canonical). For NLRP3 inflammasome activation, cells were stimulated with LPS (0.1 μg/ml for hMonocytes; 1 μg/ml for THP-1 and iMGL) for 3 h followed by media exchange with nigericin (10 μM). For cytokine measurements, culture fluids were collected after 1 h (hMonocytes, hMDM), 2 h (THP-1) or 3 h (iMGL), centrifuged at 500 xg for 5 min to remove cell debris and stored at -80°C until further use. For cell death imaging assays, PI (0.5-1 μg/ml) was added after nigericin addition and membrane permeability was measured longitudinally through time lapse imaging, normalized for confluency to account for either cell proliferation or cell death at 37° C and 5% CO2 using a cell culture incubator housed IncuCyte (Sartorius). For NLRC4 inflammasome activation, cells were stimulated with flagellin from Bacillus subtilis (Fla-BS), Pseudomonas aeruginosa (Fla-PA) or Salmonella typhimurium (Fla-ST; 100 ng/well for THP-1, 50-500 ng/well for hMDM, 500 ng/well for iMGL) transfected with LF2000 (0.25-2.5 μl/well). For cytokine measurements, supernatants were collected after 24 h. PI uptake was measured following addition to the cell cultures at a concentration of 1 μg/ml post- flagellin transfection.




Non-canonical inflammasome activation

For non-canonical inflammasome activation, THP-1 lines were pre-incubated with Pam3CysSerLys4 (PAM3CSK4) (1 μg/ml) for 3 h followed by transfection with LPS (100 ng/well) using LF2000 (0.5 μl/well). For cytokine measurements, culture fluids collected after 24 h were centrifuged to remove cellular debris and stored at -80° C. PI uptake was assessed following LPS transfection as described above.






Cytokine measurements

Supernatants from THP-1 lines, hMonocytes and hMDM were tested for interleukin 1 alpha (IL-1α), IL-1β, IL-18 and tumor necrosis factor alpha (TNF-α) levels using the relevant human Cisbio homogeneous time resolved fluorescence (HTRF) kits following manufacturer’s instructions. Supernatants from iMGL were tested for IL-1β levels using the Meso Scale Discovery (MSD) V-Plex assay kit following manufacturer’s instructions.





Estimation of MCC950 target occupancy in vivo

The pharmacokinetics (PK) profiles of MCC950 at the dose of 20 mg/kg in mice were extracted from the plasma concentration-time graphs reported by Gordon et al. [58] and Coll et al. [44] using Digitizelt software (Version 1.5.8; Braunschweig, Germany). Plasma concentrations were fitted to a mono-compartmental PK model using Phoenix WinNonlin (v8.3, St Louis, MO). Estimates of free plasma concentration-time profile were obtained from the PK model, correcting total plasma concentration by multiplying with the obtained in vitro fraction unbound in plasma (Table S3). Estimates of free brain concentration were obtained by multiplying the free plasma concentration with the unbound partition coefficient (Kp,uu), brain value observed in the blood-brain barrier mouse study. Free concentrations were expressed in nM, under the assumption that PK in SOD1G93A transgenic mice was equivalent to PK in C57Bl/6 mice and it did not change during the duration of the study. Target occupancy (TO) was estimated by the equation %TO=[MCC950]*100/([MCC950] + inhibitory concentration by 50% (IC50; Table S4).





In vivo dosing of MCC950

SOD1G93A transgenic (B6SJL-Tg(SOD1*G93A)1Gur/J, Jackson Lab Stock no. 002726) and WT (non-carrier) mice were in-licensed from Northwestern (Northwestern University, Evanston, Illinois 60208, US) and accessed through Charles River (Charles River Laboratories, France). Mice (males only) were maintained on a 12/12-hour light/dark cycle with lights on at 06:00 h and had ad libitum access to food and drinking water. The temperature in the husbandry was maintained at 22°C and humidity at about 40%. Mice were administrated daily, over 7 days, with a single dose (oral gavage, 20 mg/kg) of MCC950/Vehicle (1X PBS). Twenty-four hours after the last dose, animals were anesthetized with isoflurane using insufflating masks. Following verification of complete sedation through paw and tail pinch, transcardial perfusion with 1X Hanks’ Balanced Salt Solution (HBSS) and 10 U/mL heparin was performed using a peristaltic pump at a rate of 6 ml/min for 5 mins. Brains and spinal cord were collected and processed for cytometry by time of flight (CyTOF) analysis. All experimental procedures and strain-specific humane endpoints were reviewed and approved by a local Animal Experimentation and Well-Being Ethical Committee compliant with national legislation guidelines (Belgian Royal Decree regarding the protection of laboratory animals of 29 May 2013) and the European directive (2010/63/EU).





SOD1G93A mouse tissue collection and processing for mass cytometry

Anaesthetized mice were perfused with 1X HBSS (10U/ml heparin) and forebrains, spinal cord and spleens were collected in ice-cold 1X HBSS. Brains were dissociated using the Papain Dissociation System (Worthington Biochemical) by gentle sequential trituration, before and after incubation of 30 min at 37°C and 5% CO2. Single cell suspensions were filtered through a 40 µm cell strainer (Falcon) and resuspended in 30% Percoll® (Sigma-Aldrich) in AutoMACS running buffer at room temperature and centrifuged for 15 min at 500 xg at room temperature with no brake to allow for formation of a floating myelin layer. Following myelin removal, pelleted cells were resuspended in AutoMACS Running buffer (Miltenyi Biotec), filtered again, and centrifuged at 300 xg for 10 min to obtain an immune cell-enriched pellet. Spleens were homogenized by mechanical dissociation followed by red blood cell removal using 1X eBioscience RBC lysis buffer (ThermoFisher) for 10 min at room temperature and filtered through a 40 µm cell strainer.





Mass cytometry data acquisition and analysis

Spinal cord, brain and spleen cell pellets were washed with ice-cold Maxpar Cell Staining Buffer (Fluidigm) and stained with a cocktail of 26 metal-tagged antibodies (1:100 in Maxpar Cell Staning Buffer, Table S5) for 1 h (100 µl final staining volume per sample). Cells were washed thrice in Maxpar cell staining buffer and fixed overnight in 4% paraformaldehyde (PFA) in 1X PBS at 4°C. Prior to data acquisition, Maxpar fixed cells were incubated overnight at 4°C with 191/193Ir DNA Intercalator (50 nM, Fluidigm) diluted in 4% PFA. Cells were washed in Maxpar H2O (Fluidigm) and centrifuged for 5 min at 800 xg. Cells were then re-suspended in EQ Four Element Calibration beads (Fluidigm) diluted in Maxpar H2O (1:4), filtered through a 40 µM cell strainer and acquired on a Helios mass cytometer (Fluidigm) with events acquired at an event rate of maximum 500 events per second. Mass cytometry data were analyzed using different computational tools available in Cytobank (https://cytobank.org). Single intact cells were gated on event length and DNA content to exclude debris and doublets. Identification of cell subsets was then performed using traditional bivariate gating or unsupervised high-dimensional visualization of t-distributed Stochastic Neighbor Embedding (viSNE) analysis on concatenated flow cytometry standard (FCS) files pooling cells from all mice of each group, using a t-distributed stochastic linear embedding (t-SNE) algorithm. Cell populations were defined based on the following gating strategy: microglia/resident myeloid (CD45lowCD11b+CX3CR1+); neutrophils (CD45highCD11b+Ly-6G+); monocytes/macrophages (CD45highCD11b+Ly-6G-); dendritic cells (CD45highCD11b+CD11c+); T cells (CD45highCD11blowCD3+). The percentage of each cell population was calculated out of the total of CD45+ cells.





Statistical analysis

Data and statistical analysis were performed utilizing GraphPad Prism 9.0 software. Results are presented as means ± standard deviation (S.D.) unless otherwise stated. Data were analyzed using two-tailed Student’s t-test to compare between two groups, one-way or two-way ANOVA followed by Tukey’s post-hoc test for multiple comparison test with a p value of less than 0.05 considered statistically significant.






Results




NLRP3 KO or pharmacological inhibition with MCC950 blocks NLRP3 inflammasome pathway activation in THP-1, hMonocytes, hMDM, and iMGL

The search for potent and brain penetrant inhibitors of NLRP3 has become an area of drug discovery focus in recent years with biological validation relying heavily on data generated in various rodent models of neurodegenerative disease with a reference compound MCC950. The THP-1 monocytic line has been heavily used for high throughput screening (HTS) and biological investigation of NLRP3 inhibition; however, differences in inflammasome biology in the THP-1 line compared to primary human innate immune cells has not been thoroughly investigated. Beyond basic biological understanding, addressing this question may drive decision-making for deployment of functional orthogonal hit triaging earlier in the screening cascade to avoid false positive or negative outcomes. Previous studies have confirmed NLRP3 is primarily expressed in cells of the myeloid lineage in both the periphery (38) and CNS (23) and this is confirmed at the transcriptomic level using two online databases, The Human Protein Atlas (39, 40) and Brain RNA-Seq (41, 42). Therefore, to investigate the effects of NLRP3 blockade we utilized THP-1, hMonocytes, hMDM and iMGL from donors of a healthy aging cohort and ALS patients carrying various SOD1 pathogenic mutations. To activate the NLRP3 inflammasome we adopted the conventional two-hit method consisting of a priming step with LPS, a toll-like receptor 4 (TLR4) agonist to upregulate NLRP3 and pro-IL-1β and an activation step with PAMP: nigericin, to trigger NLRP3 inflammasome assembly, caspase-1 activation, and IL-1β cleavage and release (43). In THP-1 cells, KO of NLRP3 significantly decreased the release of IL-1β and another IL-1 family member, IL-1α, following LPS and nigericin stimulation (Figures 1A, B). TNF-a release was decreased in KO cells likely through NLRP3-independent mechanisms since LPS and nigericin stimulation induced similar TNF-α levels to LPS alone (Figure 1C). Attenuation of cytokine release was paralleled by decreased pyroptotic activity measured by the PI uptake (Figures 1E, F).




Figure 1 | NLRP3 KO or pharmacological inhibition blocks NLRP3 pathway activation in THP-1 cells. PMA-differentiated WT or NLRP3 KO THP-1 cells were pre-incubated with LPS (1 μg/ml, 3 h) followed by nigericin (10 μM at 2 h) to activate the NLRP3 inflammasome and the release of (A) IL-1β, (B) IL-1α and (C) TNF-α was measured. (D) Dose-dependent MCC950-mediated inhibition of IL-1β release from PMA-differentiated WT THP-1 cells following LPS (1 μg/ml, 3 h) and nigericin (10 μM, 2 h) stimulation. (E) Representative time-lapse microscopy images of PI uptake as a measure of pyroptosis in WT and NLRP3 KO THP-1 cells stimulated with LPS and Nigericin. (F) Time-lapse monitoring of PI uptake in WT and NLRP3 KO THP-1 cells up to 11 h post-stimulation with LPS and Nigericin. Data are shown as mean ± S.D. of four technical replicates representing three independent experiments. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test. ****p < 0.0001.



Next, to compare NLRP3 KO with pharmacological inhibition, the small molecule NLRP3 inhibitor MCC950 was used (44). MCC950 blocked IL-1β release following LPS and nigericin stimulation in both THP-1 (Emax: 102%, IC50: 124 nM) and primary hMonocytes (Emax: 98%, IC50: 530 nM) (Figure 1D and Figures 2A, B), with higher IC50 values than reported previously (44, 45). This is likely due to the presence of serum in cell assays and the reported high protein binding of MCC950 (45). In hMonocytes, increasing MCC950 concentrations resulted in a significant blockade of IL-1α release (Figure 2C). Interestingly, in hMonocytes LPS induced a higher release of TNFα compared to LPS + Nigericin in THP-1, and unlike in THP-1, MCC90 did not attenuate TNFα release (Figure 2D). MCC950 significantly reduced PI uptake in hMonocytes following LPS and nigericin stimulation (Figures 2E, F). A dose-dependent decrease of IL-1β release was observed with MCC950 treatment following LPS and nigericin stimulation in hMDM (Emax: 103% and IC50: 430 nM; Figure 2G); however, the significant decrease in IL-1β at top two concentrations (10 and 50 μM) in the dose response curve (Figure 2H) was not accompanied by a significant blockade of pyroptotic activity in these cells (Figure 2I).




Figure 2 | Pharmacological inhibition with MCC950 blocks NLRP3 pathway activation in hMonocytes. (A) MCC950 dose-dependent inhibition of IL-1β release from primary human monocytes following LPS (0.1 μg/ml, 3 h) and nigericin (10 μM, 1 h) stimulation. Effects of MCC950 (0.37-10 μM) on (B) IL-1β, (C) IL-1α and (D) TNF-α release from hMonocytes following LPS (0.1 μg/ml, 3 h) and nigericin (10 μM, 1 h) stimulation. (E) Representative images of PI uptake in hMonocytes following various treatments. (F) Time-lapse imaging analysis of PI uptake up to 4 h post-treatment in hMonocytes (signal normalized to cellular confluency). (G) Dose-dependent inhibition of IL-1β release by MCC950 (0.01-50 μM) and (H) at top two concentrations in the dose response curve in hMDM following LPS (0.1 μg/ml, 3 h) and nigericin (10 μM, 1 h) stimulation. (I) Time lapse imaging of PI uptake normalized to cellular confluency in hMDM exposed to various stimuli and MCC950 at 10 μM, over 8 (h) Data are shown as mean ± S.D. of four technical replicates from four healthy donors. One‐way ANOVA followed by Tukey’s post hoc test. ***p < 0.001 and ****p < 0.0001.



Next, we questioned the propensity of iPSC-derived microglia to respond to NLRP3-inducing stimuli. NLRP3 activation increased IL-1β release in iMGL, albeit at lower levels compared to hMonocytes. The release of IL-1β in iMGL was significantly decreased with increasing concentrations of MCC950 (Figure 3A). Similar to hMonocytes, TNFα levels did not differ between LPS alone and LPS + Nigericin combination and exposure to incremental doses of MCC950 did not impact TNFα levels (Figure 3B). Moreover, increased PI uptake following LPS and nigericin stimulation was significantly decreased by MCC950 at the top of the dose response curve recorded for IL-1β inhibition (10µM; Figures 3C, D). Altogether, these data indicate that NLRP3 blockade by MCC950 result in similar responses (with the exception of TNFα release) across immortalized, primary peripheral innate immune and microglial cells following NLRP3 inflammasome activation.




Figure 3 | NLRP3 KO or pharmacological inhibition blocks NLRP3 pathway activation in iPSC-derived microglia. MCC950 (0.37-10 μM) dose response on (A) IL-1β and (B) TNF-α release from iMGL (line HC4) following LPS (1 μg/ml at 3 h) and nigericin (10 μM, 3 h) stimulation. (C, D) Effects of MCC950 on PI uptake in iMGL following LPS and nigericin stimulation. For measurements of MCC950 effects on PI uptake, dye was added directly after nigericin addition and iMGL were imaged over the following 3 h. (C) Representative live-cell microscopy images of PI staining of iMGL with different treatments. Data are shown as mean ± S.D. of four technical replicates from four donors. One‐way ANOVA followed by Tukey’s post hoc test. ****p < 0.0001.







Divergent responses to MCC950 following NLRC4 inflammasome activation in THP-1 cells, hMonocytes, hMDM, and iMGL

Studies have shown that multiple inflammasomes including NLRP3, NLRC4, and apoptosis inhibitor of macrophage 1 (AIM1) among others are active in complex human CNS diseases including Alzheimer’s disease (AD), ALS, multiple sclerosis (MS) and stroke (16, 20, 46, 47). Given clinical advancement of NLRP3 inhibitors in neurodegenerative disease, we questioned whether NLRP3 inhibition is sufficient to mitigate cytokine release and pyroptosis downstream of other inflammasomes such as NLRC4.

Prior to performing functional assays, we confirmed the expression of NLRC4 expression in various cell types used in the assays (39, 40). To activate the NLRC4 inflammasome, we performed cell transfections of ultrapure flagellin proteins isolated from Bacillus subtilis (Fla-BS), Pseudomonas aeruginosa (Fla-PA) or Salmonella typhimurium (Fla-ST) (48). In THP-1, cytosolic delivery of Fla-BS induced the strongest release of IL-1β followed by Fla-PA and Fla-ST (Figure 4A). Knockout of NLRP3 (Figure 4B) or treatment with MCC950 (Figure 4C) strongly decreased IL-1β release by THP-1 cells following transfection with Fla-BS, Fla-PA or Fla-ST. In addition, MCC950 was efficacious (Emax: 97%) and potent (IC50: 30 nM) in inhibiting IL-1β release by THP-1 following Fla-BS transfection (Figure 4D), and this inhibition was accompanied by a dose-dependent decrease in PI uptake (Figure 4E). IL-18, another cytokine released in tandem with IL-1β upon inflammasome activation has been proposed to prime the adaptive inflammatory responses in acute and chronic neurodegeneration (49). To understand the impact of NLRP3 inhibition on NLRC4-induced IL-18 release we measured IL-18 levels in THP-1 cells transfected with the different flagellins, however levels were under detectable range. Interestingly, in contrast to THP-1, hMonocytes displayed low IL-1β release following flagellin transfection regardless of bacterial source whereas hMDM responded to Fla-ST transfection only (Figure 5A). Based on these findings and to get closer to primary human biology, we chose to explore the effects of NLRP3 inhibition in hMDM following Fla-ST transfection. Unlike in the THP-1 line, MCC950 did not block the release of flagellin-induced IL-1β release in hMDM (Figure 5B). We also measured IL-18 levels in hMDM transfected with Fla-ST. As expected, IL-18 release was increased following Fla-ST transfection, however MCC950 had no effect on IL-18 levels (Figure 5C). PI uptake was also increased in hMDM following Fla-ST transfection; however, MCC950 treatment did not mitigate NLRC4-induced pyroptosis (Figure 5D). In iMGL, increased IL-1β release was observed after transfection with Fla-BS but not Fla-PA or Fla-ST (Figure 6A). MCC950 was able to decrease cytosolic Fla-BS-induced IL-1β release by 50-60% (Figure 6B) while IL-18 release was almost completely prevented with higher concentrations of MCC950 following Fla-BS transfection (Figure 6C). On the other hand, cytosolic Fla-BS-induced pyroptosis as measured by PI uptake was not decreased by MCC950 (Figure 6D). In summary, this data indicates that innate immune cells respond differently to cytosolic flagellin exposure depending on its bacterial source and that the impact of NLRP3 inhibition on NLRC4 inflammasome activation differs between immortalized and primary innate immune and iPSC-derived microglia. It also suggests that the impact of NLRP3 blockade on immune activation downstream of other inflammasomes is limited.




Figure 4 | NLRP3 pharmacological inhibition blocks bacteria-induced NLRC4 pathway activation in THP-1 cells. (A) PMA-differentiated WT THP-1 cells and (B) NLRP3 KO THP-1 cells were transfected with flagellins from Bacillus subtilis (Fla-BS), Pseudomonas aeruginosa (Fla-PA) or Salmonella typhimurium (Fla-ST; 100 ng/well) using LF2000 (0.5 μl/well) to activate the NLRC4 inflammasome and the release of IL-1β was measured after 24 h. (C) Effects of MCC950 (0.37-10 μM) on IL-1β release from PMA-differentiated WT THP-1 cells following transfection with Fla-BS, -PA or -ST. (D) Concentration-response curve for MCC950 in blocking IL-1β release from PMA-differentiated WT THP-1 cells following transfection with Fla-BS. (E) Effects of MCC950 on PI uptake in PMA-differentiated WT THP-1 cells following transfection with Fla-BS and imaging over 24 h. Data are mean ± S.D. of three technical replicates and three independent experiments. One‐way ANOVA followed by Tukey’s post hoc test. *p < 0.05 and ****p < 0.0001.






Figure 5 | NLRP3 pharmacological inhibition does not block NLRC4 pathway activation in hMonocytes and hMDM. (A) hMonocytes or hMDM were transfected with flagellins from Bacillus subtilis (Fla-BS), Pseudomonas aeruginosa (Fla-PA) or Salmonella typhimurium (50 ng/well) using LF2000 (0.25 μl/well) and the release of IL-1β was measured after 24 h. Effect of MCC950 (0.37-10 μM) on (B) IL-1β and (C) IL-18 release from hMDM following transfection with Fla-ST (500 ng/well) using LF2000 (2.5 μl/well). (D) Effect of MCC950 (0.37-10 μM) on PI uptake in hMDM following transfection with Fla-ST (500 ng/well) using LF2000 (2.5 μl/well) and imaging over 24 h. Data are mean ± S.D. of three technical replicates and representative of three and four donors for hMonocytes and hMDM, respectively. One‐way ANOVA followed by Tukey’s post hoc test. ***p < 0.001 and ****p < 0.0001.






Figure 6 | NLRP3 pharmacological inhibition blocks some aspects of NLRC4 pathway activation in iMGL. (A) iMGL were transfected with flagellins from Bacillus subtilis (Fla-BS), Pseudomonas aeruginosa (Fla-PA) or Salmonella typhimurium (500 ng/well) using LF2000 (0.25 μl/well) and the release of IL-1β was measured after 24 (h) Effect of MCC950 (0.37-10 μM) on IL-1β (B) and IL-18 (C) release from iMGL following transfection with Fla-BS (500 ng/well) using LF2000 (0.25 μl/well). (D) Effects of MCC950 (0.37-10 μM) on PI uptake in iMGL following transfection with Fla-BS (500 ng/well) using LF2000 (0.25 μl/well) and time-lapse imaging during 24 h. Data are mean ± S.D. of four technical replicates from four donors. One‐way ANOVA followed by Tukey’s post hoc test. ****p < 0.0001.







MCC950 blockade attenuates some aspects of non-canonical inflammasome pathway activation

In addition to NLRC4, the non-canonical caspase-4 inflammasome is active in various CNS disorders including ALS (16, 25, 26). Caspase-4 is predominantly expressed in myeloid cells, T cells and B cells in the periphery and in microglia in the CNS (39, 40). Caspase-4 is a direct sensor of cytosolic LPS and therefore LPS transfection was performed to activate the non-canonical inflammasome pathway (50). A TLR1/2 agonist (PAM3CSK4) has been previously utilized to prime primary innate immune cells prior to a second hit with nigericin or direct cytoplasmic delivery of LPS for canonical and non-canonical stimulation respectively (51). In THP-1, pre-stimulation with PAM3CSK4 followed by LPS transfection triggered a significant increase in IL-1β release (Figure 7A). This release was abrogated in NLRP3 KO cells (Figure 7B) or following treatment with MCC950 (Emax: 79%, IC50: 93 nM; Figure 7C). Using the same stimulation paradigm in hMDM, treatment with MCC950 led to a 50-60% decrease IL-1β release following PAM3CSK4 pre-treatment and LPS transfection (Figure 7D). IL-1α is a direct substrate for inflammatory caspases of the non-canonical inflammasome pathway (52, 53). In contrast to IL-1β, cytosolic LPS-induced release of IL-1α was unaffected by MCC950 treatment (Figure 7E). Unlike THP-1 and hMDM, PAM3CSK4 followed by LPS transfection did not trigger increased release of IL-1β and IL-1α compared to PAM3CSK4 or extracellular LPS stimulation alone in iMGL (Figures 7F, G). These data show that NLRP3 inhibition only partially mitigates non-canonical inflammasome activation and with different outcomes in various cell types. This is due in part to differing propensities of cell types such as immortalized lines, primary innate immune, and iPSC-derived microglial cells to respond to non-canonical pathway activating stimuli.




Figure 7 | MCC950 impact on non-canonical inflammasome pathway activation in THP-1 cells and hMDM. (A) PMA-differentiated WT THP-1 cells and (B) NLRP3 KO THP-1 were pre-incubated with PAM3CSK4 (1 μg/ml, 3 h) followed by transfection with LPS (100 ng/well, 24 h) using LF2000 (0.5 μl/well) to activate the non-canonical inflammasome pathway and the release of IL-1β was measured. (C) Dose-dependent inhibition of IL-1β release from PMA-differentiated WT THP-1 cells following incubation with PAM3CSK4 and LPS transfection. Effect of MCC950 (0.37-10 μM) on (D) IL-1β and (E) IL-1α release from hMDM following incubation with PAM3CSK4 (1 μg/ml, 3 h) and transfection with LPS (1000 ng/well, 24 h) using LF2000 (0.5 μl/well). Effect of MCC950 (0.37-10 μM) on (F) IL-1β and (G) IL-1α release from iMGL following incubation with PAM3CSK4 (1 μg/ml, 3 h) and transfection with LPS (1000 ng/well, 24 h) using LF2000 (0.5 μl/well). Data are shown as mean ± S.D. of four technical replicates and representative of three independent experiments for THP-1 and four donors for hMDM. Data are shown as mean ± S.D. of three biological replicates from three donors for iMGL. One‐way ANOVA followed by Tukey’s post hoc test. *p < 0.05, **p < 0.01 and ****p < 0.0001.







MCC950 does not inhibit cytokine release and pyroptosis in THP-1 inflammasome GoF mutants

Next, we questioned whether MCC950 can block cytokine release and pyroptosis in a system with intrinsically activated inflammasomes. For this we generated gene-edited THP-1 cell lines stably overexpressing GoF mutations in NLRC4, NLRP1 and MEFV genes and an MEFV KO line as a control for pathway inhibition. The specific GoF mutations were selected due to their association with extreme inflammatory phenotypes in patients with autoimmune inflammasomopathies (Table S1). Prior to investigating the impact of NLRP3 pathway inhibition, we questioned whether the GoF THP-1 lines produced higher basal levels of IL-1β and whether they would have a propensity for higher cytokine release upon stimulation with LPS. Analysis of culture fluids collected at 3 and 24 h revealed significantly higher IL-1β levels in NLRC4 S171F and MEFV S242R KI lines compared to WT THP-1 (Figure 8A). Interestingly, upon LPS stimulation NLRC4 S171F line released significantly higher levels of IL-1β, suggesting an intrinsic propensity for heightened inflammatory response (Figure 8B). These results were paralleled by increased pyroptotic activity recorded as a PI uptake signal through time lapse imaging over 24 h. The NLRC4 and MEFV GoF lines displayed higher pyroptosis levels compared to the other lines, with the MEFV line displaying the lowest pyroptotic activity (Figure 8C). Interestingly, the NLRC4 line displayed increased sensitivity to LPS stimuli by triggering the highest levels of pyroptosis (Figure 8D).




Figure 8 | IL-1β secretion and pyroptosis in THP-1 cell lines carrying GoF mutations. PMA-differentiated WT, NLRC4 S171F, NLRP1 A66V, MEFV S242R and MEFV KO THP-1 cells were assessed for the release of IL-1β (A) and PI uptake (C) in unstimulated condition after 3 h and 24 h. (B) PMA-differentiated WT, NLRC4 S171F, NLRP1 A66V, MEFV S242R and MEFV KO THP-1 were pre-incubated with LPS (1 μg/ml, 3 h) and the release of IL-1β (B) and PI uptake (D) were measured after 3 h and 24 h. Data are shown as mean ± S.D. of four technical replicates from three independent experiments. One‐way ANOVA followed by Tukey’s post hoc test. **p < 0.01, ***p < 0.001 and ****p < 0.0001.



Having established a suitable assay window in the GoF line, we next tested the impact of MCC950 in cytokine release and pyroptosis. Increasing concentrations of MCC950 did not attenuate IL-1β (Figures 9A, C, E) or IL-18 (Figures S1A–D) release in the mutant lines. Cytokine findings were paralleled by a lack of activity in MCC950-mediated inhibition of pyroptosis measured by PI uptake following 24 h of LPS stimulation (Figures 9B, D, F).




Figure 9 | MCC950 does not block inflammasome-mediated pyroptosis in THP-1 carrying inflammasome GoF mutations. Dose response of MCC950 (0.37-10 μM) on IL-1β release in (A) NLRC4 S171F, (C) NLRP1 A66V, (E) MEFV S242R. PI uptake in (B) NLRC4 S171F, (D) NLRP1 A66V, (F) MEFV S242R. MCC950 impact on PI uptake. The dye was added following exposure to increasing concentrations of MCC950 and THP-1 cells were imaged for 25 (h) Data are shown as mean ± S.D. of four technical replicates from three independent experiments.







MCC950 blocks NLRP3- but not NLRC4-induced pyroptosis in healthy and ALS SOD1 mutant iMGL

Since inhibition of NLRP3 in iMGL from healthy controls impacted NLRP3 and in part NLRC4 inflammasome pathway activation, we questioned the impact of NLRP3 inhibition in iMGL generated from ALS patients harboring SOD1 pathogenic mutations. NLRP3 pathway activation and the effects of MCC950 were assessed in three healthy donor and three ALS SOD1 mutant iMGL lines. No apparent differences were observed in the response to LPS and nigericin stimulation between healthy control and SOD1 iMGL. MCC950 treatment strongly decreased IL-1β release across all iMGL lines (Figures S2A, B). Similarly, MCC950 attenuated PI uptake in a dose-response manner following NLRP3 inflammasome activation across all control and diseased iMGL lines (Figures S2C, D). Next, activation of the NLRC4 inflammasome pathway was investigated via Fla-BS transfection as described in iMGL previously. IL-1β release was increased across all iMGL lines following transfection with Fla-BS, with no clear differences in the response observed between healthy control and SOD1 ALS lines (Figures S2E, F). While MCC950 treatment inhibited cytosolic Fla-BS-induced IL-1β release by 50-60% across iMGL lines (Figures S2E, F), PI uptake was not decreased by MCC950 in both healthy control and SOD1 ALS lines (Figures S2G, H). Taken together, these data suggest that MCC950 can block NLRP3 inflammasome and NLRC4 inflammasome-mediated IL-1β release in iMGL from healthy controls and SOD1 ALS patients. On the other hand, NLRP3 inflammasome but not NLRC4 inflammasome-mediated pyroptosis was impacted by NLRP3 inhibition in healthy and SOD1 mutant iMGL.





Acute systemic administration of MCC950 in a mutant SOD1G93A does not attenuate CNS inflammation

Next, we questioned whether a more complex (in vivo) system with multiple triggers of inflammasome activation including protein aggregation, innate immune activation, and progressive neurodegeneration would respond to NLRP3 blockade (54–56). SOD1G93A, a transgenic mouse model of familial ALS previously reported to display multiple inflammasome activation in the spinal cord during symptomatic disease, was selected to address the question (57).

Prior to initiating the acute studies and to ensure adequate and sustainable exposure during the acute dosing we evaluated the pharmacokinetic profile of MCC950 in mice at a reportedly efficacious dose of 20 mg/kg, administered via oral gavage daily for 7 days (44, 58). The brain-to-plasma ratio (Kp brain) observed for MCC950 in the in vivo mouse blood-brain barrier study was 0.005 as previously reported by Gordon et al. (58). Free brain-to-plasma ratio (Kp,uu brain) obtained by correcting total concentrations by the fraction unbound (0.0091 and 0.12 for plasma and brain respectively) was 0.06 (Figures S3A, B). To estimate target occupancy (TO) of MCC950 in the aimed pharmacology study, PK modeling was performed considering the oral dose of 20 mg/kg, a free brain-to-plasma ratio of 0.06 and an IC50 of 7.7 nM based on previous measurements in both mouse bone marrow-derived macrophages (BMDMs) and microglia (44, 58) (Figures S3C, D). We estimated average percentage TO values of 81% in plasma and 38% (based on the PK profile from this study) in brain for MCC950 over seven days (Table S3, S4). Although the estimated average TO for MCC950 over seven days in CNS was not very high, the same dose and route of administration for MCC950 was adopted in the mutant SOD1 model to facilitate comparison with findings from previously published studies (44, 58).

Next, we investigated the ability of MCC950 to correct inflammation at the cellular level (aberrant microglia phenotypes) beyond correction of proximal NLRP3 pathway inhibition such as cytokine release and pyroptosis. The rationale for employing broader inflammatory readouts was to assess the potential of NLRP3 blockade in a system with complex underlying inflammatory mechanisms beyond NLRP3, including in tandem activation of multiple inflammasomes. In-house longitudinal single cell sequencing studies of SOD1G93A mice at various stages of disease (pre-symptomatic, early symptomatic, peak and end stage) showed a peak signal for NLRP3 and other inflammatory pathways at 100 days of age (data not shown). WT and SOD1 mice were dosed via oral gavage with vehicle (PBS) or 20 mg/kg MCC950 for 7 days. Forebrain, spinal cord and spleen were processed for immune phenotyping at single cell resolution by mass cytometry (Figure 10A). No significant differences were observed in immune cell population representation and viSNE profiles in the spinal cord of WT mice and SOD1 or vehicle- and MCC950-treated SOD1 mice (Figures 10B, C). An in-depth analysis into specific markers selected to provide insights into activation and functional states of the cells, revealed a significant up-regulation of markers linked to phagocytosis (CD68, CD172a), antigen presentation (CD86, MHC-I) and adhesion and movement (CD11b, CD11c, CX3CR1, CXCR4) in microglia and infiltrating immune cells, including monocytes/macrophages, and dendritic cells in SOD1 mice compared to WT controls. Acute administration of MCC950 did not impact the neuroinflammatory profile of mutant SOD1 mouse spinal cord (Figure 10D). Only the CD86 was significantly upregulated in infiltrating T cells and neutrophils populations in SOD1 mice with MCC950 treatment (Figures 10D, E). Moreover, the expression marker profile was similar in microglial subsets when comparing SOD1 vehicle- and MCC950-treated-mice (Figures 10F–H). Deep immune phenotyping of brains and spleens from the same mice did not reveal any remarkable difference between WT- and SOD1-vehicle treated mice nor any significant alterations in numbers or phenotypes of immune populations with NLRP3 inhibition (Figures S4, S5). Of note it is not surprising to see a lack of inflammation in the brain of the SOD1 mice considering this is a model characterized by lower motor neuron degeneration and spinal cord inflammation. In summary, these data collectively indicate that acute administration of MCC950 in mutant SOD1 mice did not attenuate spinal cord inflammation.




Figure 10 | Acute systemic administration of MCC950 in mutant SOD1 mice does not ameliorate spinal cord inflammation. (A) Schematic workflow of tissue processing for CyTOF mass cytometry. (B) Frequency of resident and infiltrating immune cells in the spinal cord of vehicle-treated WT, vehicle-treated SOD1 and SOD1 mice treated with MCC950. Mono/Mθ: monocytes and macrophages; DCs: dendritic cells. (C) Representative two-dimensional projections of single-cell data generated by viSNE of an equal number of CD45+ immune cells from each individual animal. Each dot represents one cell. (D) Heatmap showing the normalized mean intensity of each marker in the various immune cell subsets. Mean intensity of each marker was normalized according to the maximal and minimal mean intensity value of the marker in each population among the various treatment groups. Ag. Present: antigen presentation; Phago: phagocytosis; CRs: cytokine-related receptors. (E) Mean signal intensity levels of CD86 in the different immune cell subsets in the three treatment groups. (F) Frequency of microglial subsets 1 to 8 in each sample in the three treatment groups. (G) Representative two-dimensional projections of single-cell data generated by viSNE of an equal number of CD45low CX3CR1+ microglia from each individual animal. Each dot represents one cell. Pie charts show the relative abundance among microglia of the various subsets. (H) Expression levels of functional markers across identified microglial subsets. The dot plot shows the mean (Log2) signal of each marker in each microglial subset. Data in bar graphs shown as mean ± S.E.M. Values for each animal are included (N=8 male mice per treatment group). Statistical analyses were performed using one-way ANOVA with Tukey’s multiple comparisons test. Statistically significant differences between vehicle-treated WT litter mate and SOD1G93A mice are shown in black asterisks. White asterisks represent statistically significant differences in MCC950-treated compared to vehicle-treated SOD1 mice; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.








Discussion

In recent years the therapeutic potential of NLRP3 inhibition to address various neurodegenerative and demyelinating disorders has gained increasing attention (16, 59). Given the complexity of inflammatory pathways implicated in non-cell autonomous neurodegeneration, we questioned whether blockade of a single inflammasome would sufficiently attenuate inflammatory pathobiology.

To address this question, we employ in vitro and in vivo models characterized by single and multiple inflammasome pathway activation. In vitro we investigate the molecular and cellular underpinnings of inflammasome activation across various innate immune cell populations, shedding light on pathway redundancies and unique responses to canonical and non-canonical inflammasome activation. We show that NLRP3 KO or pharmacological inhibition with MCC950 attenuates cytokine release and pyroptosis when NLRP3 pathway is specifically activated in THP-1, hMonocytes, hMDM and iMGL. In contrast, NLRP3 inhibition results in divergent functional outcomes when NLRC4 pathway is activated in these cells. This is in line with previous findings showing differences in the response of THP-1s and hMDM to MCC950 following flagellin transfection (31). These results could be explained in part by variations in sensitivity to inflammatory stimuli across various cell types. Unlike hMDM, immortalized THP-1 and iMGL display generally blunted inflammatory responses to a range of inflammatory stimuli beyond inflammasomes. Another explanation could be that in the context of inflammasome activation these cells express varying levels of factors that enable preferential execution of select inflammasome pathways. For example, it has been shown that THP-1 lines express lower levels of neuronal/NLR apoptosis inhibitory protein (NAIP) compared to hMDM (31, 60). NAIP physically binds to cytosolic flagellin, interacting with and activating NLRC4 (48). The lower NAIP levels in THP-1 may shift the pathway to compensate through an NLRP3 response to flagellin transfection. Since MCC950 treatment can block NLRC4-mediated IL-1β and IL-18 release but not pyroptosis in iMGL, it is also possible that differences in NAIP levels exist between microglia and peripheral macrophages. This compensatory activity due to lower levels of NAIP, potentially dependent on iMGL differentiation states, could contribute to greater effects of NLRP3 inhibition on NLRC4 activation in these cells (61). Another possible explanation for our findings could be that different flagellins may invoke distinct cellular responses depending on their bacterial source. For example, Fla-BS transfection induced a high inflammatory response in THP-1 and iMGL, whereas hMDM responded best to Fla-ST transfection. Another potential caveat to working with flagellins is signal inflammatory interference through activation of other receptors such as TLR5 expressed in all the cellular systems used in this study. As such a lack of MCC950 efficacy could be explained by activation of inflammatory pathways independent of inflammasomes.

By comparing healthy and SOD1 mutant iMGL, we hypothesized that they may exhibit a heightened immune response to inflammasome stimuli likely due to priming by oxidative stress factors and SOD1 mutant proteins, known triggers of inflammasome activation (23). Surprisingly, responses to NLRP3 or NLRC4 activation, as measured by levels of IL-1β release, did not significantly differ between control and patient lines. One caveat to our experimentation with these lines is a lack of isogenic iPSC controls which were not available for comparison, therefore we cannot exclude the possibility that those differences in amplitude of the immune response between healthy donors and ALS lines may mask any iMGL hyper-responsivity to NLRP3 and/or NLRC4 inflammasome activation. Regarding the non-canonical inflammasome pathway, it is known that caspase-4-associated pyroptosis induces ionic flux which can in turn activate the NLRP3 inflammasome (34–36). In line with previous reports, we found that NLRP3 inhibition can block release of IL-1β in response to LPS transfection in THP-1 and hMDM. Cytosolic LPS-induced IL-1α release was unaffected by NLRP3 inhibition however, as observed previously (44). Why non-canonical inflammasome activators do not induce overt pathway activation in iMGL is unclear. Previous studies suggest lower levels of caspase-4 and caspase-5 in primary microglia may play a role (61). There are several limitations to in vitro studies. Firstly, it would have been preferrable to use additional disease-relevant stimuli for multi-inflammasome stimulation; however similar to flagellins, pathogenic aggregates such as amyloid-β and α-synuclein display promiscuity in triggering inflammasome and non-inflammasome pathways alike. As such we had to resort to “cleaner” systems such as THP-1 lines carrying GoF mutations for several inflammasomes, reported in patients suffering from genetic inflammasomopathies. Secondly, PI uptake was used as a read for pyroptosis though it has been widely shown that membrane permeability and PI uptake can be a feature of other types of non-physiological cell death such as necroptosis. Regardless of this caveat PI uptake was used as the most suitable pyroptosis readout in this study, following extensive comparative studies including lactated dehydrogenase (LDH), Gasdermin D, caspase-3/7 measurements in various contexts (data not shown). Despite the limitations, one key learning from this work relates to the differences in functional outcomes between immortalized lines, primary innate and iPSC-derived cells. Although immortalized cell lines can be useful for applications such as HTS screening, our findings indicate that orthogonal validation of hits across cellular systems in the early stages of hit ID and characterization is absolutely critical in the discovery and development of inflammasome and other immune modulators for CNS disorders.

In vivo we sought to understand what blockade of NLRP3 pathway and consequently IL-1β release and inflammatory cell death (pyroptosis) would signify for inflammatory pathobiology in a complex system known to display multi-inflammasome activation among other inflammatory mechanisms. To test this hypothesis, we selected the mutant SOD1G93A transgenic mice. While the SOD1G93A model has provided valuable insights into certain pathobiological features of ALS it is burdened by a poor track record of clinical translatability. One likely reason among others is linked to the relevance of SOD1 pathogenic mutations to the broader ALS populations, with SOD1 mutations representing 5% of all familial cases while more than 90% of ALS cases are considered sporadic. Regardless of its limited translatability, the SOD1 model was considered suitable in addressing our question: In a complex system where multiple inflammasomes are activated is blockade of NLRP3 sufficient in blocking inflammation? In-house longitudinal characterization of the model (data not shown) aligned with external findings of increased microglial activation in the spinal cord at pre-symptomatic, disease onset or symptomatic stages depending on the readout sensitivity (62–64). Intervention with MCC950 at day 100 was decided based on peak NLRP3 levels at this timepoint expression being low at pre-symptomatic day 60 and end stages of disease, day 130; data not shown). Using single-cell mass cytometry we identified significant changes in inflammatory markers in resident microglia and infiltrating immune cells in the spinal cord of symptomatic mutant SOD1 mice. While in vivo administration of MCC950 has been shown to ameliorate microglial activation in various models of amyloid beta (Aβ), tau and alpha-synuclein (αSyn) pathology (58, 65–67), we find here that acute MCC950 treatment has no visible impact in reversing spinal cord inflammation in mutant SOD1 mice. No impact on microglial populations or levels of activation markers were observed. On the contrary for certain co-stimulatory molecules such as CD86, expression was further increased in the SOD1 mice with MCC950 treatment suggesting exacerbation of certain microglial aberrant behaviors such as antigen-presentation. Interestingly, a recent study in mutant SOD1 mice found that MCC950 administration three times per week from early symptomatic stages until death advanced disease onset and decreased lifespan compared to vehicle-treated controls (21). There could be several reasons explaining these findings. One could be linked to distinct temporal roles of NLRP3 and other inflammasomes in progression of non-cell autonomous neurodegeneration. Another reason may be linked to divergent roles of various receptor families in various neurodegenerative diseases. A long-time assumption has been that neuroinflammation is a common denominator across various diseases. Although as a general statement and depending on one’s definition of neuroinflammation this may be true, we have now deeper molecular and genetic insights into human neurodegenerative disease pathobiology. These insights suggest that not only distinct branches of immunity may be involved in neurodegenerative disease, but also that within the innate immune cell populations certain families of immune receptors can have divergent functions depending on disease and associated pathological cues and disease stages.

In conclusion, our study highlights potential limitations of NLRP3 inhibition in attenuating cytokine release and inflammatory cell death when other inflammasomes are active (Figure S6). As such we suggest future therapeutic focus in neurological indications with multi-inflammasome activation should be on converging executer nodes downstream of inflammasomes, rather than single inflammasome-inhibiting approaches.
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