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Abstract

Although neutrophils are the most abundant cells in acute infection and inflammation, relatively 

little attention has been paid to their role in inflammasome formation and IL-1β processing. In the 

current study, we investigated the mechanism by which neutrophils process IL-1β in response to 

Streptococcus pneumoniae. Using a murine model of S. pneumoniae corneal infection, we 

demonstrated a requirement for IL-1β in bacterial clearance, and showed that NLRP3, ASC and 

caspase-1 are essential for IL-1β production and bacterial killing in the cornea. Neutrophils in 

infected corneas had multiple specks with enzymatically active caspase-1 (FLICA-660+), and 

bone marrow neutrophils stimulated with heat killed S. pneumoniae (signal 1) and pneumolysin 

(signal 2) exhibited multiple specks after staining with FLICA-660, NLRP3 or ASC. High 

molecular weight ASC complexes were also detected, consistent with oligomer formation. 

Pneumolysin induced K+ efflux in neutrophils, and blocking K+ efflux inhibited caspase-1 

activation and IL-1β processing; however, neutrophils did not undergo pyroptosis, indicating that 

K+ efflux and IL-1β processing is not a consequence of cell death. There was also no role for 

lysosomal destabilization or neutrophil elastase in pneumolysin mediated IL-1β processing in 

neutrophils. Together, these findings demonstrate an essential role for neutrophil derived IL-1β in 

S. pneumoniae infection, and elucidate the role of the NLRP3 inflammasome in neutrophil 

cleavage and secretion of mature IL-1β. Given the ubiquitous presence of neutrophils in acute 

bacterial and fungal infections, these findings will have implications for other microbial diseases.
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INTRODUCTION

IL-1β plays an important role in multiple infectious and acute and chronic inflammatory 

diseases, including diabetes and ischemic injury, and is a target for anti-inflammatory 

therapies (1, 2). Following activation of TLRs or other pathogen recognition molecules, 

IL-1β is translated as an inactive 34kD pro-form, which is subsequently cleaved to the 

active, 17kD form that can be secreted (3, 4). Although we, and others demonstrated a role 

for neutrophil proteases in cleavage (5–7), caspase-1 is the main enzyme that cleaves the 

IL-1β pro-form in macrophages and dendritic cells. Caspase-1 is also produced as an 

inactive pro-form that auto-catalyzes its cleavage to the enzymatically active caspase-1, 

which occurs following oligomerization of inflammasome components, including the Nod-

like receptor protein 3 (NLRP3) together with the adaptor molecule apoptosis-associated 

speck like protein containing a caspase recruitment domain (ASC) (3, 8).

In the current study, we demonstrate that neutrophils are the predominant source of IL-1β in 

a murine model of acute Streptococcus pneumoniae corneal infection, and that IL-1β 

cleavage is dependent on the NLRP3/ASC inflammasome, and active caspase-1, which are 

detected as large, intracellular specks in neutrophils both in vitro and during infection. 

Further, using highly purified human neutrophils, we show that secretion of mature IL-1β is 

induced by bacterial pneumolysin, and that the mechanism requires a rapid efflux of K+ ions 

that precedes NLRP3 inflammasome activation and IL-1β cleavage without undergoing 

pyroptosis. Together, these findings elucidate a critical role for the NLRP3/ASC 

inflammasome and caspase 1 in IL-1β processing and secretion by neutrophils.

MATERIALS AND METHODS

Source of mice

C57BL/6 mice (6–10 weeks old) were from The Jackson Laboratory (Bar Harbor, ME), 

IL-1β−/− mice were obtained from Dr. Iwakura (University of Tokyo, Japan). 

Caspase-1/11−/− mice were generated by Richard Flavell (Yale University, CT) as 

Caspase-1−/− mice (9), and subsequently found to be also deficient in caspase 11 (8, 10). 

NLRP3−/− and ASC−/− mice were generated by Millennium Pharmaceuticals (Cambridge, 

MA). The NLRP3−/− mice were generated by homologous recombination in embryonic stem 

cells by replacing exons I and II of the cryopyrin gene (encoding the amino-terminal Pyrin 

domain) with an IRES-β-gal-neomycin resistance cassette therefore they are functional 

rather than complete knockout mice (11). Neutrophil elastase (NE)−/− mice were purchased 

from The Jackson Laboratory. All knockout mice were on C57BL/6 background. Animals 

were housed in pathogen free conditions in microisolator cages and were treated according 

to institutional guidelines after approval by the Case Western Reserve University IACUC.

Bacterial Strains and growth conditions

Wild type encapsulated Streptococcus pneumoniae TIGR4 (serotype IV) was used in this 

study. To generate Δply deletion mutant, the Ply coding region of TIGR4 was replaced with 

an antibiotic resistance cassette encoding chloramphenicol acetyltransferase (cat) via 

transformation of competent cells with a linear splicing by overlap extension (SOE) PCR 
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product. Approximately 1 kb of flanking sequence on either side of ply was amplified from 

TIGR4 genomic DNA using primer sets SP_1923 F1/SP_1923 R1 and SP_1923 F2/

SP_1923 R2 (Supplemental Table S1) for upstream and downstream sequences, 

respectively. The cat cassette was PCR amplified from pEVP3 using primer set Fcat/Rcat 

and all three products were spliced together by SOE using primers SP_1923 F1 and 

SP_1923 R2. Competent cells of TIGR4 were transformed with the resulting amplicon and 

chloramphenicol-resistant colonies were selected on Fluka Blood Agar Base No. 2 (Sigma 

Aldrich) supplemented with 5% defibrinated whole sheep blood containing chloramphenicol 

(4μg/ml). PCR and DNA sequencing were carried out to confirm replacement of ply with the 

cat cassette. Both WT and Δply strains were routinely grown in Todd-Hewitt Broth 

(Neogen) supplemented with 0.5% yeast extract in 37°C and 5% CO2 incubator. Bacteria 

were grown to mid exponential phase such that there is 108CFU/ml and diluted in sterile 

PBS to desired concentrations for corneal infection or in vitro stimulation. To generate heat 

killed bacteria (hkSP), TIGR4 was diluted in sterile PBS and heated at 95°C for 5mins. 

Viability was confirmed by plating bacteria in trypticase soy agar plate containing 5% 

defibrinated sheep blood (BD).

Murine model of Streptococcus pneumoniae corneal infection

Mice were anesthetized with 1.2% 2,2,2 tribromoethanol and corneal epithelium of the mice 

was abraded using a 26-gauge needle through which a 2μl injection containing ~105 TIGR4 

in sterile PBS was released into the corneal stroma using a 33-gauge Hamilton syringe and 

mice were allowed to recover from anesthesia. Infected mice were anesthetized after 24hrs 

and positioned in a three point stereotactic mouse restrainer to monitor corneal opacification 

using a stereomicroscope and Spot RT Slider KE camera (Diagnostics Instruments). Images 

were uploaded into Metamorph Image analysis software (Molecular Devices Corp) and 

percent and total opacity was quantified as described (6, 12). For depletion of neutrophils, 

mice were injected with 250μg of NIMP-R14 antibody or IgG by intraperitoneal injection 

24hrs prior to infection with ~105 TIGR4.

Quantification of Streptococcal colony forming units (CFU)

For assessment of bacterial viability, infected mice were sacrificed by CO2 asphyxiation and 

whole eyes were isolated and homogenized in 1ml sterile PBS in Mixer Mill MM300 

(Retsch) at 33Hz for 3mins. Serial log dilutions of the bacteria were plated on blood agar 

plates, incubated in CO2 incubator at 37°C for 18h and colony numbers were counted 

manually.

Source of reagents

Recombinant pneumolysin (Ply) was expressed in E. coli and purified as described (13, 14). 

Unless otherwise stated the specific hemolytic activity of Ply was 100,000 HU/mg. The 

toxin was passed three times through an EndoTrap endotoxin removal column (Profos AG, 

Germany) after which LPS was undetectable using the PyroGene Recombinant Factor C 

assay (Lonza; detection limit 0.01 EU/ml). NFκB inhibitor JSH23 (Sigma Aldrich) and 

pJNK/AP-1 inhibitor - SP600125 (Tocris Bioscience) were dissolved in DMSO and used at 

assay dependent concentrations. Caspase-1 inhibitor YVAD (Bachem) and pan caspase 

Karmakar et al. Page 3

J Immunol. Author manuscript; available in PMC 2016 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



inhibitor ZVAD (ApexBio) were dissolved in DMSO and used at indicated concentration. 

Bafilomycin A (LC laboratories), CA-074-Me (EMD Chemicals) and ZFA (Bachem) was 

dissolved according to manufacturer’s protocol. Nigericin (Calbiochem) was used at 10μM 

concentration. High potassium medium for neutrophils had the following composition: 

130mM KCl, 1.5mM CaCl2, 1mM MgCl2, 25mM HEPES, 5mM glucose and 0.1% BSA at 

pH 7.4. For low potassium medium, we add 5mM KCl keeping other components the same.

Flow Cytometry of corneas and Image Stream analysis

Corneas from infected mice were excised using a surgical micro-scissor and incubated in 

type I collagenase (Sigma) at 82U/cornea for 2h at 37°C. The cell suspension was then 

passed through 30μm filter to remove any undigested tissue. Fc receptors were blocked for 

20 min at RT with anti-mouse CD16/32 antibody (eBiosciences) followed by incubation 

with Alexa488-NIMP-R14 (in-house) and PE-F4/80 (eBiosciences) antibodies to detect 

neutrophils and macrophages, respectively. After staining, cells were washed in 2mL of 

FACS Buffer (1% FBS in PBS) and fixed in 0.5% PFA for analysis by flow cytometry using 

Accuri C6 Flow cytometer (Becton Dickinson).

For intracellular cytokine staining, corneal cells were incubated at 4°C overnight with 1X 

Protein Transport Inhibitor Cocktail (eBiosciences), fixed in 4% paraformaldehyde and 

permeabilized in 1x Perm Buffer (eBiosciences) for 10mins. Cells were then stained with 

APC-pro IL-1β antibody (eBiosciences), washed in FACS buffer and fixed in 0.5% PFA for 

analysis by flow cytometry or Multispectral Imaging Flow Cytometry (Image stream-100, 

Amnis).

AMNIS ImageStreamX and IDEAS analysis

Purified bone marrow neutrophils were primed for 3h with hkSP (signal1) and then 

stimulated with Ply (200ng/ml). Unstimulated neutrophils were used as control. Following 

stimulation, the cells were stained with either FAM-YVAD-FMK (Immunochemistry) 

according to the manufacturer’s protocol or with ASC monoclonal Ab (clone 2EI-7, 

Millipore) followed by anti-mouse e488 secondary antibody. Acquisition was performed 

using ImageStreamX Imaging Flow Cytometer (Amnis Corporation, Seattle, WA) equipped 

with INSPIRE software as described (15). Briefly, a 60X magnification was used to acquire 

images of all samples. A minimum of 10,000 cells were analyzed for each treated sample. 

FAM-YVAD-FMK stained cells (for caspase-1) and ASC stained cells were excited with a 

100 mW of 488 nm argon laser and were collected on channel two (505–560 nm). Intensity 

adjusted brightfield images were collected on channel one. Data analysis was performed 

using the IDEAS software (Amnis Corporation). Data were compensated using a 

compensation matrix generated using singly stained samples. The compensated data was 

first gated to eliminate cells that were not in the field of focus; second, the focused cells 

were gated to eliminate clumped cells and debris. The IDEAS software contains wizards to 

measure features, such as ‘count spots’ associated with the cells. For the spot counting 

wizard, subpopulations of cells with no spots, low and high numbers of spots were manually 

identified as truth sets, and the software used these data sets to determine the number of 

spots per cell.
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Western blot analysis

Corneas were excised from the eyes using a microscissor. Any associated iris was removed 

and clean corneas were homogenized in 1x cell lysis buffer (Cell Signaling Technology) 

supplemented with protease inhibitor cocktail. For in vitro experiment, 4x106 cells were 

lysed in cell lysis buffer after appropriate stimulation. 20–30μg of protein were fractionated 

in 12% SDS-PAGE, transferred into nitrocellulose membrane and incubated with primary 

antibodies – mouse IL-1β (R&D Systems), mouse NLRP3 and ASC (Adipogen), human 

NLRP3 (Sigma Aldrich) and ASC (Adipogen), mouse Caspase-1p10 (Santa Cruz), mouse 

pJNK (T183/Y185) and total JNK (Cell Signaling Technology) and β actin (Sigma Aldrich). 

Reactivity was determined using HRP-conjugated secondary antibodies (Santa Cruz) and 

developed with Supersignal West Femto Maximum Sensitivity Substrate (Pierce).

Isolation of human and mouse bone marrow neutrophils

Human neutrophils were isolated from the peripheral blood of healthy volunteers following 

informed consent as approved by the Institutional Review Board of University Hospitals of 

Cleveland. Heparinized blood was incubated with 3% dextran in PBS (Sigma Aldrich) for 

20mins at RT. The top clear layer containing leukocytes was transferred to a fresh tube and 

the cells were underlaid with 10ml of Ficoll Paque Plus (GE Healthcare), and centrifuged at 

300xg for 20min. The overlying plasma and PBMC layer was aspirated and the 

neutrophil/RBC pellets were suspended in 1x RBC lysis buffer (ebiosciences). Following 

this, cells were washed in sterile PBS and resuspended in RPMI+L-glutamine media 

(Hyclone) supplemented with 2% FBS (Mediatech). Cell purity was determined for each 

experiment by Wright-Giemsa (Sigma Aldrich) and routinely yielded >97% pure 

neutrophils.

For mouse bone marrow neutrophils, total bone marrow cells were collected from tibias and 

femurs. Neutrophils were isolated from the total bone marrow cells by negative selection 

using EasySep™ Mouse Neutrophil Enrichment Kit (Stem Cell). After magnetic separation, 

cells were washed with PBS and resuspended in RPMI+L-glutamine with 1% FBS. This 

procedure routinely yielded >94% pure neutrophils as quantified by Wright-Giemsa stain.

Caspase-1 activation assay

Active caspase-1 was quantified by using FLICA-660 (660-YVAD-FMK) far red detection 

kit (Immunochemistry Technologies) according to manufacturer’s guidelines. Stained cells 

were either quantified by flow cytometry (using unstained cells to set the gate) or were 

visualized by confocal microscopy for active caspase-1 oligomerization.

Immunofluorescence staining

Stimulated human and mouse neutrophils were fixed with 4% PFA (Fisher) at RT for 15 min 

and permeabilized with 0.1% Triton-X 100 for 10 mins. Cells were then blocked in 10% 

goat or rabbit serum (Vector Laboratories) in PBS for 1h at 22°C, followed by staining with 

a monoclonal antibody to NLRP3 (clone EPR4777, Abcam) or ASC (Millipore) for 1h at 

37°C. Cells were then washed 3X in PBS and counter stained with Texas red rabbit anti-goat 
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IgG (Vector Laboratories) or Alexa488 goat-anti mouse IgG (Invitrogen) for 40 min at RT. 

The cells were washed 3x in PBS and stained with DAPI.

Confocal Microscopy

Images were collected using UltraVIEW VoX spinning disk confocal system (Perkin Elmer) 

mounted on a Leica DMI6000B microscope equipped with a HCX PL APO 100 x/1.4 oil 

immersion objectives using a 0.2μm step size. Images were then imported into Metamorph 

Image Analysis Software (Molecular Devices Corp) where maximum projections were 

generated from the original stacks and visualized following 2D deconvolution.

ASC oligomerizarion assay

Stimulated murine neutrophils were lysed in RIPA lysis buffer (0.5% Na-deoxycholate, 

0.1% SDS, and 1% NP-40) and centrifuged at 4000g for 10min. Lysate was transferred to a 

fresh tube, pellets were washed twice in 1x PBS and then cross-linked using DSS (final 

concentration is 2mM) for 30 min at room temperature. The cross-linked pellet was 

centrifuged at 4000g for 10 min. resuspended in Laemmli buffer and fractionated in 12% 

SDS-PAGE. Western blot analysis was performed using anti-ASC antibody.

Atomic Absorbance Spectroscopy

After stimulation of mouse or human neutrophils, the extracellular medium was aspirated 

and the cells were rapidly washed in potassium-free isotonic buffer (135mM sodium 

gluconate, 1.5mM CaCl2, 1mM MgCl2, and 25mM HEPES). The washed cell pellets were 

then extracted into 1ml of 10% HNO3. K+ content in the nitric acid extracts was quantified 

by atomic absorbance spectrometry (Agilent 55B AA) as described previously (16). 

Triplicate samples were run for all test conditions in each experiment.

Detection of cytokines by ELISA

Half well cytokine assays were performed using Duoset ELISA assay kit for IL-1β and 

CXCL8/IL-8 according to manufacturer’s protocol (R and D Systems).

LDH release assay

After stimulation of neutrophils, supernatant was collected and LDH release was quantified 

using CytoTox 96® Non-Radioactive Cytotoxicity Assay (Promega) according to the 

manufacturer’s instructions. Percentage cytotoxity was calculated based on LDH release in 

total cell lysate.

Statistical Analysis

Student t test or ANOVA with Tukey post hoc analysis (Prism, Graphpad Software) were 

used as indicated in the figure legends. A P value equal or less than 0.05 was considered 

significant.
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RESULTS

NLRP3, ASC, Caspase-1 and IL-1β are required for protection against S. pneumoniae 
corneal infection

The normal avascular mammalian cornea has resident macrophages and dendritic cells, 

whereas neutrophils are only detected following an infectious or inflammatory event when 

they are recruited from peripheral, limbal vessels together with infiltrating macrophages and 

dendritic cells (17, 18). To examine the role of IL-1β on bacterial growth and corneal 

disease severity following corneal infection, S. pneumoniae strain 1 x 105 bacteria of strain 

TIGR4 were injected into the corneal stroma of C57BL/6 or IL-1β−/− mice. After 24h, the 

total number of bacteria was assessed by colony forming units (CFU), and the number of 

infiltrating neutrophils and macrophages were quantified by flow cytometry using the 

NIMP-R14 antibody (recognizes Ly6G receptor) which we have shown reacts specifically 

with neutrophil (19), and the F4/80 antibody that primarily detects macrophages.

Quantification of infiltrating cells in the cornea showed significantly less neutrophils in 

infected IL-1β−/− compared with C57BL/6 corneas, whereas there was no significant 

difference in the number of infiltrating macrophages (Figure 1A). Conversely, we found 

significantly higher CFU in IL-1β−/− corneas compared with C57BL/6 corneas (Figure 1B). 

Representative bright field images of S. pneumoniae infected corneas show severe corneal 

opacity in C57BL/6 compared with IL-1β−/− corneas (Figure 1C), and quantification of 

corneal opacity revealed significantly higher corneal disease in C57BL/6 compared with 

IL-1β−/− mice (Figure 1D, E). IL-1β−/− corneas perforate after 48h due to unrestricted 

bacterial growth (data not shown). Hematoxylin and eosin staining of corneal sections from 

infected eyes showed enhanced cellular infiltration in the corneal stroma of infected 

C57BL/6 compared with IL-1β−/− mice, which was comprised mostly of NIMP-R14+ 

neutrophils (Supplemental Figure S2).

Although we found no role for caspase-1 in Pseudomonas aeruginosa keratitis (6), we 

examined if this protease was required for clearance of S. pneumoniae. Corneas of 

Caspase-1/11−/− mice were therefore infected, and cellular infiltration, CFU and corneal 

opacity were measured as before. As shown in Figures 1F–J, Caspase-1/11−/− mice had the 

same phenotype as IL-1β−/− mice, with significantly less neutrophil infiltration (Figure 1F), 

impaired bacterial clearance (Figure 1G), and less corneal opacification (Figure 1H–J). 

Similar results were found for NLRP3−/− and ASC−/− mice compared with C57BL/6 mice 

(Figure 1K–O).

Taken together, these data clearly implicate a role for IL-1β and the NLRP3/ASC 

inflammasome in regulating neutrophil infiltration and bacterial growth in S. pneumoniae 

corneal infection.

NLRP3 and ASC are required for caspase-1 activation and IL-1β processing by neutrophils 
during S. pneumoniae corneal infection

To assess whether the NLRP3/ASC inflammasome is required for IL-1β processing in vivo, 

corneas of C57BL/6, NLRP3−/− and ASC−/− mice were infected with S. pneumoniae as 

described above, and after 24h, corneas were homogenized and processed for western blot 
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analysis. Figure 2A shows the p10 caspase-1 subunit and the processed p17 IL-1β bands in 

infected C57BL/6 corneas, but not in infected NLRP3−/− or ASC−/− corneas. Further, ASC 

was present in the PBS treated mice, whereas NLRP3 was detected only after S. pneumoniae 

infection.

To identify the cells producing intracellular pro-IL-1β, corneas of C57BL/6 mice were 

infected with S. pneumoniae as before, and after 24h, corneas were digested with 

collagenase, and cells were stained with NIMP-R14, F4/80 and intracellular IL-1β and 

examined by flow cytometry. We found a distinct population of neutrophils in infected 

corneas expressing intracellular pro-IL-1β, comprising more than 20% of the total corneal 

cells (Figure 2B). Further, 85% of total pro IL-1β producing cells in the cornea were NIMP-

R14+ neutrophils compared with F4/80+ macrophages, which accounted for less than 15% 

of the total IL-1β positive cells (Figure 2B).

To determine if neutrophils are producing active caspase-1, S. pneumoniae infected 

C57BL/6 corneas were digested with collagenase, and total corneal cells were stained with 

NIMP-R14 and FLICA660-YVAD, a fluorescent peptide that binds to active caspase-1 and 

which has been used to detect active caspase-1 in macrophages (20, 21). We found that > 

30% of total cells in the cornea were FLICA-660 YVAD positive neutrophils, and >75% 

caspase-1 positive cells in the cornea were NIMP-R14+ neutrophils (Figure 2C). Active 

caspase-1 in neutrophils was also detected as speck-like aggregates as shown by 

multispectral imaging flow cytometry (Figure 2D).

To examine the role of neutrophils in IL-1β processing and NLRP3 expression, neutrophils 

were depleted in C57BL/6 mice by intraperitoneal injection of NIMP-R14 antibody 24hr 

before infection with S. pneumoniae. Systemic neutrophil depletion was confirmed by flow 

cytometry (Supplemental Figure S3), and corneas from S. pneumoniae infected mice were 

examined for NLRP3 and IL-1β production. As shown in Figure 2E, there was decreased 

expression of NLRP3 and pro-IL-1β in neutrophil depleted mice, and no mature IL-1β in 

was detected. In addition, there was decreased corneal opacity (Figure 2F) and significantly 

increased CFU in neutrophil depleted mice (Figure 2G). These findings support the concept 

that neutrophils are essential for production of mature IL-1β, and for bacterial killing. 

Although we cannot eliminate the possibility of an indirect role on macrophage infiltration, 

combined data in this figure indicate that neutrophils are the major source of IL-1β in S. 

pneumoniae corneal infection.

NLRP3/ASC expression and oligomerization in murine bone marrow neutrophils

To examine the expression of NLRP3 and ASC, bone marrow neutrophils from C57BL/6 

and NLRP3−/− mice were incubated for 3h with heat killed S. pneumoniae (hkSP) (Signal 

1), and proteins were detected by western blot. NLRP3 expression was low in unstimulated 

neutrophils, but was induced over time after stimulation with hkSP as signal 1 (Figure 3A). 

In contrast, ASC was constitutively expressed in unstimulated C57BL/6 and NLRP3−/− 

neutrophils (Figure 3A).

As TLR2 is elevated in corneas of individuals with S. pneumoniae corneal ulcers, and TLR2 

modulates the severity of murine S. pneumoniae corneal infection (22, 23), we examined the 
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role of TLR2 in NLRP3 and ASC expression. Bone marrow neutrophils from C57BL/6 and 

TLR2−/− mice were stimulated 3h with hkSP, and NLRP3 and ASC expression were 

detected by western blot analysis. Figure 3B shows decreased NLRP3 expression in 

TLR2−/− compared with C57BL/6 neutrophils, whereas expression of ASC remained 

unchanged. To examine other mediators of TLR2 signaling on NLRP3 expression, C57BL/6 

neutrophils were incubated with the NFκB inhibitor JSH-23 or the JNK inhibitor SP600125. 

We found that NLRP3 expression was completely inhibited in the presence of JSH-23 and 

partially inhibited by SP600125 (Figure 3C, D), although there was no effect of either 

inhibitor on ASC expression.

Together, these data indicate that S. pneumoniae induces NLRP3 expression by TLR2 

activation through the NFκB and to some extent the MAPK/AP-1 pathway, whereas ASC 

expression in neutrophils is constitutive.

The active NLRP3 inflammasome forms large, multimeric complexes with ASC in 

macrophages and dendritic cells (3, 24); however, this has not been clearly shown for 

neutrophils. To investigate NLRP3 and ASC oligomerization in neutrophils, bone marrow 

neutrophils from C57BL/6 mice were incubated 3h with hkSP (Signal 1), followed by 2h 

stimulation with live WT TIGR4, recombinant hemolytic pneumolysin (Ply) or with the 

inactive Ply toxoid (PdB) as Signal 2, and intracellular NLRP3 was detected by confocal 

microscopy using the same monoclonal antibody to NLRP3 (clone EPR4777, Abcam) used 

by others (25, 26). NLRP3 expression was very low in unstimulated neutrophils; however, 

following incubation with hkSP, there was enhanced NLRP3 expression in the cytosol 

(Figure 3E). This is also consistent with our observation in Figure 3A that priming with 

hkSP induces NLRP3 expression in murine and human neutrophils. However, after further 

incubation with live TIGR4 or active pneumolysin (Ply), NLRP3 was detected as speck-like 

aggregates in neutrophils. Further, specks were not detected in neutrophils incubated with 

non-hemolytic PdB. This diffuse staining with signal 1 and the presence of multiple NLRP3 

positive specks throughout the neutrophils following signal 2 is clearly detected in 

Supplemental videos 1 and 2. To detect ASC oligomerization, neutrophils were stimulated 

with pneumolysin or nigericin, and lysates were cross-linked using DSS, and examined by 

western blot analysis using a monoclonal antibody to ASC. As shown in Figure 3F, ASC 

was detected as monomers in unstimulated cells, but as multimers in pneumolysin and 

nigericin stimulated neutrophils.

These findings demonstrate that not only do neutrophils express NLRP3 and ASC, but they 

also form several large multimeric complexes more typically seen in macrophages and 

dendritic cells.

Pneumolysin – stimulated neutrophils have multiple Caspase-1 and ASC specks

To quantify the number of Caspase-1 and ASC specks in neutrophils, bone marrow 

neutrophils from C57BL/6 mice were primed for 3h with hkSP followed by 2h stimulation 

with purified pneumolysin (Ply). Cells were then stained with antibody to ASC or with 

FAM-YVAD-FMK and analyzed by Amnis Imagestream, and the number of specks 

associated with each cell was quantified using IDEAS software. Representative neutrophils 

analyzed are shown as brightfield images (Channel 1, Ch01) and green fluorescent specks 
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(Channel 2, Ch02) expressing one or multiple ASC specks (Figure 4A, D). The majority of 

the neutrophils (56.2%) expressed two or more ASC specks, and the actual numbers and 

percentages are shown in Figure 4B, C.

Representative neutrophils stained with FAM-YVAD-FMK for caspase-1 activity are shown 

in Figure 4D, and quantification shows very similar numbers as ASC specks, with 66.4% 

neutrophils having two or more specks (Figure 4E, F). The specificity of FAM-YVAD-FMK 

stain was confirmed by using Caspase-1/11−/− neutrophils, which showed significantly 

reduced number of caspase-1 specks compared to C57BL/6 neutrophils after stimulation 

with pneumolysin (Supplemental Figure S3). The presence of caspase-1 positive cells and 

specks in caspase 1/11−/− mice is likely due to cross reactivity of FAM-YVAD-FMK with 

other pro-apoptotic caspases that are expressed in neutrophils.

Taken together, these data indicate that in contrast to macrophages and dendritic cells, 

murine bone marrow neutrophils express multiple caspase-1 and ASC specks upon 

activation of NLRP3 inflammasome by pneumolysin.

Caspase-1 activation in neutrophils is dependent on NLRP3 and ASC, and requires active 
pneumolysin

To determine whether live S. pneumoniae can activate caspase-1 in neutrophils, murine bone 

marrow neutrophils from C57BL/6 mice were incubated 3h with heat-killed S. pneumoniae 

(hkSP, Signal 1), followed by 2h stimulation with live TIGR4 S. pneumoniae or with an 

isogenic mutant deleted for the gene encoding Ply ( ply) (Signal 2), and active caspase-1 was 

quantified using FLICA660-YVAD.

Caspase-1 staining was detected as speck-like structures in neutrophils following incubation 

with S. pneumoniae TIGR4 strain expressing pneumolysin, but not with the Δply 

pneumolysin mutant or with hkSP alone (Figure 5A). Consistently, there was a significantly 

higher percent of FLICA 660 YVAD+ neutrophils after incubation with live S. pneumoniae 

compared with neutrophils stimulated with the Δply mutants or hkSP alone (Figure 5B).

To determine if recombinant pneumolysin can induce caspase-1 activation in neutrophils, 

bone marrow neutrophils from C57BL/6 mice were primed with heat killed S. pneumoniae 

as before, and incubated with either a highly purified pneumolysin (Ply) that has pore-

forming activity, or with a mutant pneumolysin (PdB) that has a single amino acid 

substitution resulting in diminished hemolytic activity (14). The percent FLICA 660 

YVAD+ neutrophils was assessed by flow cytometry. Figure 5C shows a distinct population 

of FLICA660-YVAD+ neutrophils following stimulation with hemolytic pneumolysin (Ply, 

left panel), but not with PdB (right panel). Quantification of FLICA660-YVAD+ cells 

showed >80% caspase-1 expressing neutrophils in presence of Ply compared to <10% in 

PdB treated cells (Figure 5D).

To assess the role of the NLRP3 inflammasome in pneumolysin - induced caspase-1 and 

IL-1β processing, NLRP3−/−, ASC−/− and Caspase-1/11−/− neutrophils were primed with 

hkSP and stimulated with pneumolysin as before, and the cleaved p10 form of caspase-1 in 

cell supernatants was TCA-precipitated and detected by western blot analysis. Caspase-1 
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p10 was clearly detected in supernatants from stimulated compared with unstimulated 

C57BL/6 neutrophils; however, caspase-1 p10 expression was markedly less in NLRP3−/−, 

ASC−/− and Caspase-1/11−/− neutrophils compared with C57BL/6 neutrophils (Figure 5E). 

Similarly, there were significantly fewer FLICA660-YVAD+ cells in Caspase-1/11−/−, 

NLRP3−/− and ASC−/− compared with C57BL/6 neutrophils (Figure 5F, G), and less 

secreted IL-1β following stimulation with live S. pneumoniae or purified Ply (Figure 5H).

Taken together, these data indicate that S. pneumoniae pore forming toxin pneumolysin 

induces NLRP3/ASC-dependent caspase-1 activation and IL-1β secretion by neutrophils.

Pneumolysin mediates IL-1β processing and secretion from human neutrophils

To ascertain if S. pneumoniae mediated activation of the NLRP3 inflammasome in human 

neutrophils is dependent on the hemolytic activity of pneumolysin, we stimulated human 

neutrophils with a Ply deletion mutant (Δply) or highly purified preparations of active 

hemolytic pneumolysin (Ply) and the non- hemolytic (PdB) toxoid. Human peripheral blood 

neutrophils were primed with hkSP for 3h to induce expression of pro-IL-1β and NLRP3, 

and were then stimulated with live WT TIGR4 or with mutant Δply.

IL-1β production by neutrophils was increased following incubation with increasing 

numbers S. pneumoniae TIGR4; however, IL-1β was not detected when neutrophils were 

stimulated with the TIGR4 Δply mutant (Figure 6A). Similarly, neutrophils incubated with 

purified pneumolysin (Ply) produced IL-1β in a dose dependent fashion, whereas the non-

hemolytic pneumolysin (PdB) induced significantly less IL-1β (Figure 6B). In contrast to 

IL-1β, neutrophils derived CXCL8 (IL-8) production was not significantly different when 

neutrophils were stimulated with the ply mutant or the TIGR4 parent strain (Figure 6C); 

there was also no difference in CXCL8 in neutrophils stimulated with PdB compared with 

Ply (Figure 6D), indicating that the role of active pneumolysin on IL-1β release from human 

neutrophils is not a general phenomenon. Neutrophils incubated with either live S. 

pneumoniae or purified pneumolysin did not release lactose dehydrogenase (Figure 6E, F) 

indicating that IL-1β secretion by neutrophils occurs independently of pyroptosis.

These findings demonstrate that S. pneumoniae – induced IL-1β secretion from human 

neutrophils is dependent on the hemolytic activity of pneumolysin, that this role of 

pneumolysin is not a result of cell lysis and does not affect production of CXCL8.

Pneumolysin-induced caspase-1 activation and IL-1β secretion by neutrophils requires K+ 

efflux

As activation of NLRP3 inflammasome in macrophages and dendritic cells can occur 

following a loss of cytosolic K+ (27), we examined the effect of pneumolysin in mediating 

K+ efflux from neutrophils.

Primed human peripheral blood neutrophils were incubated for 2h with hemolytic (Ply) or 

non-hemolytic (PdB) pneumolysin, and total intracellular K+ in cell lysates was measured by 

atomic absorbance spectrometry. Figure 7A shows a dose dependent decrease in cell-

associated K+ following incubation with pneumolysin, consistent with enhanced K+ efflux. 

Intracellular K+ was significantly lower in neutrophils incubated with PdB, thereby 
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indicating an essential role for pore forming activity of Ply in induction of the K+ efflux 

from neutrophils. Conversely, when neutrophils were incubated in high extracellular K+, 

which prevents formation of a plasma membrane K+ gradient, the pneumolysin – induced 

caspase-1 activation and IL-1β secretion were completely ablated (Figure 7B, C), indicating 

that K+ efflux is critical for caspase-1 activation and IL-1β secretion by pneumolysin – 

stimulated neutrophils.

In addition to cleaving pro-IL-1β, caspase-1 also mediates pyroptotic cell death, which is 

characterized by loss of plasma membrane integrity and release of cytoplasmic contents, 

including LDH (28, 29). We therefore examined if pneumolysin - induced K+ efflux occurs 

as a secondary consequence of pyroptotic cell death, i.e., after caspase-1 activation, or if K+ 

efflux is an early signal for NLRP3 inflammasome assembly and IL-1β secretion, i.e., before 

caspase-1 activation. Human neutrophils were primed with hkSP and incubated with 

pneumolysin or nigericin in presence of the caspase-1 inhibitor YVAD or the pan-caspase 

inhibitor ZVAD, and IL-1β secretion, intracellular K+ and LDH release were measured.

As shown in Figure 7D, IL-1β secretion by neutrophils stimulated with pneumolysin or 

nigericin was completely inhibited in the presence of YVAD or ZVAD, indicating a 

requirement for caspase-1 in pneumolysin induced IL-1β secretion. In contrast, pneumolysin 

induced K+ efflux (loss of intracellular K+) was not inhibited by caspase-1 inhibitors (Figure 

7E), indicating that K+ efflux occurs upstream of caspase-1 activation. Similarly, 

pneumolysin – induced LDH release in the presence of caspase-1 inhibitors was not 

significantly different from pneumolysin alone, indicating that neutrophils are not 

undergoing caspase-1 dependent pyroptosis (Figure 7F).

Therefore, the results of these studies support the concept that pneumolysin induces IL-1β 

secretion in neutrophils by causing loss of intracellular K+ and activation of the NLRP3 

inflammasome and that K+ efflux is an early signal for inflammasome activation in 

neutrophils.

Pneumolysin-induced IL-1β secretion by neutrophils does not require lysosomal 
disruption or serine proteases activity

Activation of the NLRP3 inflammasome in monocytes/dendritic cells can be induced by 

lysosomal destabilization and cathepsin B release (14, 30, 31). Additionally, since serine 

proteases such as neutrophil elastase can also cleave pro-IL-1β to the mature form (6, 32–

34), we investigated the role of lysosomal disruption and serine proteases in Ply mediated 

IL-1β secretion by neutrophils.

To examine the role of cathepsin B on inflammasome activation and IL-1β release, 

neutrophils were incubated with purified pneumolysin or S. pneumoniae TIGR4 in the 

presence of cathepsin B inhibitors CA-074-Me, ZFA, or with bafilomycin A, which blocks 

lysosomal acidification by inhibiting H+-ATPase. Figure 8A shows that IL-1β secretion by 

pneumolysin or S. pneumoniae TIGR4 –stimulated neutrophils in the presence of cathepsin 

B inhibitors or with bafilomycin A was not significantly different from cells in the absence 

of inhibitors, indicating that neither cathepsin B nor lysosomal destabilization are required 

for pneumolysin-induced IL-1β processing in neutrophils. LDH release was not increased 
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following incubation with these inhibitors, indicating that they are not cytotoxic at the 

concentrations used (Figure 8B).

Additionally, we found no difference in IL-1β secretion or LDH release by S. pneumoniae-

stimulated bone marrow neutrophils from neutrophil elastase (NE)−/− mice compared with 

C57BL/6 neutrophils (Figure 8C, D), indicating that there is no role for elastase in IL-1β 

processing, and also that Ply - induced IL-1β processing by neutrophils does not require 

serine protease or cathepsin B activity.

DISCUSSION

Streptococcus pneumoniae is the causative organism of pneumococcal septicemia, 

meningitis, and pneumonia, which results in infant mortality on a global scale (35, 36). S. 

pneumoniae is also a leading cause of corneal ulcers worldwide resulting in visual 

impairment and blindness, especially in developing countries where the organisms are 

resident in the conjunctiva and enter the corneal stroma following an abrasion (37–39). In a 

study of individuals with S. pneumoniae corneal ulcers, neutrophils comprised over 90% of 

the total cells; further, expression of IL-1β, NLRP3 and ASC in corneal ulcers was greatly 

elevated compared with normal corneas (23).

Neutrophils are a source of pro-inflammatory and regulator cytokines, including IFN-γ and 

IL-17A (19, 40, 41). Further, although neutrophils are generally considered to be short-lived 

cells in the circulation, other reports indicate that these cells can survive for longer periods 

of time under inflammatory conditions where they are stimulated by pro-inflammatory 

cytokines and growth factors (42).

NLRP3 inflammasome activation and IL-1β processing have been extensively studied in 

monocytes, macrophages and dendritic cells (3, 24); however, although neutrophils are the 

most prominent cells infiltrating sites of infection and inflammation, the contribution of 

neutrophils to inflammasome activation and IL-1β production is less well understood.

Neutrophils are a major source of IL-1β in murine models of arthritis and osteomyelitis; 

however, as with our study on P. aeruginosa keratitis, IL-1β processing was caspase-1 

independent and occurred as a result of cleavage by neutrophil proteases (5, 6, 43). In 

contrast, proteases and caspase-1 both contributed to IL-1β processing by LPS+ATP – 

stimulated human neutrophils (44). However, our current findings are in agreement with a 

report showing that neutrophils are a major source of IL-1β in a Staphylococcus aureus 

model of skin abscess formation; further, these investigators showed that S. aureus induced 

IL-1β secretion by bone marrow neutrophils was impaired in ASC−/− mice and in the 

presence of NLRP3 and caspase-1 inhibitors, and thereby implicating the NLRP3 

inflammasome (45). In a separate study, IL-1β secretion by murine bone marrow neutrophils 

stimulated with nigericin was dependent on expression of NLRP3 and ASC (46). We also 

show that the NLRP3 inflammasome is required for IL-1β cleavage during S. pneumoniae 

corneal infection, and demonstrate that neutrophils recruited to infected corneas have active 

caspase-1 as detected by YVAD-FLICA.
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In the current study, we have shown the results of multiple, highly reproducible experiments 

demonstrating that neutrophils form NLRP3/ASC/caspase 1 oligomers that are detected as 

multiple specks, including: a) the presence of caspase-1 (using FLICA-YVAD) specks in 

neutrophils isolated from infected corneas; b) the presence of multiple NLRP3 specks in 

bone marrow neutrophils following signal 1 and signal 2, as shown in Supplemental videos 

1 and 2; c) the presence of ASC monomers in neutrophils given signal 1, and ASC 

multimeric complexes following signal 2; and c) quantification of ASC and caspase-1specks 

in isolated neutrophils given signals 1 and 2.

The presence of multiple specks in neutrophils is clearly distinct from dendritic cells and 

macrophages, which mostly show single speck per cell (3), although multiple specks were 

detected in macrophages from patients with a gain of function mutation in NLRC4 (47). The 

significance of multiple versus single inflammasome oligomers in neutrophils has yet to be 

determined; however, it is very clear that neutrophils are a major source of mature IL-1β, at 

least at early stages of infection, and that activation of caspase-1 through the NLRP3/ASC 

inflammasome is essential for processing IL-1β.

We reported that neutrophils are an important source of IL-1β in Pseudomonas aeruginosa 

corneal infection, and that cleavage is a result of serine protease activity and independent of 

caspase-1 and the NLRC4 inflammasome (6). In contrast to that study, we now show that 

although neutrophils are a major source of IL-1β in S. pneumoniae keratitis, caspase-1 is 

required for IL-1β cleavage, and is activated by the NLRP3/ASC inflammasome. The 

difference between these models may be due to relatively low NLRC4 expression by 

neutrophils compared with macrophages (46).

To characterize the mechanisms by which the NLRP3 inflammasome is activated in human 

neutrophils, we examined two pathways that have been proposed (48): a) the channel mode 

that results in loss of cytosolic K+; and b) the cathepsin B pathway that is activated by 

lysosome rupture following phagocytosis. We also examined the role of pyroptosis in this 

process. Our data are consistent with the first pathway in which active pneumolysin causes 

loss of intracellular K+. Because caspase-1 inhibitors blocked IL-1β secretion, but did not 

inhibit K+ efflux, we conclude that pneumolysin -induced K+ efflux occurs upstream and 

independently of caspase-1 mediated IL-1β processing and is not a secondary consequence 

of caspase-1-driven pyroptosis. This finding that NLRP3 activation in neutrophil do not lead 

to pyroptosis is in agreement with a recent paper demonstrating that neutrophils do not 

undergo NLRC4 – mediated pyroptotic cell death following stimulation with Salmonella 

(49). Although the molecular basis for the absence of pyroptosis in neutrophils compared 

with macrophages has yet to be defined, a possible advantage is that bacteria are released 

from dead macrophages and can then be killed by neutrophils (50). Further, in contrast to 

macrophages, neutrophils undergo netotic cell death where the nucleus decondenses and 

chromatin is released from the cell to form neutrophil extracellular traps (NETs), which also 

include together antimicrobial peptides and proteases that are effective in killing microbial 

pathogens (51, 52).

Lysosomal destabilization and cathepsin B activation contribute to S. pneumoniae induced 

NLRP3 activation in monocytes and macrophages (31); however, we found no role for 
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cathepsin B in neutrophil mediated IL-1β processing, whereas our findings on the role of K+ 

efflux are consistent with a recent study showing that K+ efflux is critical for activation of 

the NLRP3 inflammasome in bone marrow macrophages and dendritic cells (14, 27). 

Although activated in response to structurally distinct agents including silica, asbestos, uric 

acid crystals and bacterial toxins as well as DAMPs including ATP, a common response to 

all NLRP3 activating stimuli is a change in plasma membrane permeability that leads to 

efflux of intracellular potassium. Pneumolysin has been shown to induce K+ efflux in 

macrophages (35, 53), and we now show that this is also required in human neutrophils.

Pneumolysin is an important virulence factor in S. pneumoniae infections, and is expressed 

in clinical isolates from S. pneumoniae infections, including corneal ulcers (23, 35). 

Pneumolysin is a cholesterol-dependent cytolysin toxin that forms oligomers in the host cell 

plasma membrane (~40 monomers), resulting in formation of large (~400 A) transmembrane 

pores that cause rapid cell lysis (54). Although reported as a cytoplasmic protein that is 

released after autolysis (35), pneumolysin was more recently shown to localize in the 

bacterial cell wall where it is released following cleavage by extracellular proteases (55, 56). 

Pneumolysin activates the NLRP3 inflammasome in monocytes, macrophages and dendritic 

cells in pneumococcal pneumonia (14, 57), and pneumolysin expressing S. pneumoniae 

strains induce keratitis in animal models (58, 59). In the current study, we demonstrated that 

NLRP3 oligomerization, caspase-1 activation and IL-1β processing in human and murine 

neutrophils is dependent on expression of the hemolytic activity of pneumolysin, as neither 

the S. pneumoniae Δply mutant nor the non-hemolytic PdB toxoid induced this response. 

Similarly, S. aureus induced IL-1β secretion by neutrophils required expression of the pore 

forming alpha toxin (45).

Oligomerization of the NLRP3/ASC inflammasome can be visualized as discrete 

intracellular specks in macrophages and dendritic cells (3); however, we demonstrate that 

caspase-1 specks are generated in activated neutrophils in vitro and in vivo following S. 

pneumoniae corneal infection. We also show that ASC form multimeric complexes in 

pneumolysin - activated neutrophils, which is similar to that described in formation in 

macrophages (3, 27). However, in contrast to macrophages that have single specks (3), we 

consistently found that stimulated murine and human neutrophils have multiple specks. The 

basis for this difference has yet to be determined.

We used caspase-1−/− mice that are also deficient in caspase 11 activity; however, we show 

specific caspase-1 activity by neutrophils using FLICA-YVAD, and we block IL-1β 

production by neutrophils using the specific caspase-1 inhibitor YVAD. Taken together, 

these findings support a role for caspase-1 rather than caspase 11 in this process.

The results of the current study add substantially to our understanding of the role of 

neutrophil derived IL-1β in bacterial infections by demonstrating that neutrophils are not 

only an important source of this cytokine during bacterial infection, but also form 

NLRP3/ASC inflammasome aggregates in vivo that activate caspase-1 and mediate IL-1β 

cleavage and secretion. Further, although we show that requirement for K+ efflux in 

pneumolysin – induced NLRP3 activation in neutrophils is similar to macrophages (14, 57), 

there are distinct differences between these cell types, including susceptibility to pyroptosis.

Karmakar et al. Page 15

J Immunol. Author manuscript; available in PMC 2016 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In conclusion, given the diverse infectious and inflammatory conditions where neutrophils 

infiltrate the tissues in large numbers, it seems highly likely that their role in IL-1β mediated 

inflammation will be found in multiple diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The role of IL-1β NLRP3, ASC and Caspase-1 in S. pneumoniae keratitis
C57BL/6, IL-1β−/−, Caspase-1/11−/− NLRP3−/− and ASC−/− mice were infected in the 

corneal stroma with S. pneumoniae TIGR4. A, F, K: Total NIMP-R14+ neutrophils and 

F4/80+ macrophages in infected corneas were quantified by flow cytometry. B, G, L: Total 

CFU in eyes of infected mice after 2 h (inoculum) and after 24 h. C, H, M: Representative 

bright field images of corneas 24h post-infection; D, I, N: Percent, and E, J, O total corneal 

opacification calculated by Metamorph analysis as shown in Supplemental Figure S1. A, F, 
K: mean ±SD of 5 samples per group. For CFU and corneal opacification graphs, each data 

point represents a single cornea. Results are representative of three independent experiments 

with at least five mice per group.
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Figure 2. NLRP3 and ASC are required for caspase-1 activation and IL-1β processing by 
neutrophils during S. pneumoniae corneal infection
C57BL/6, NLRP3−/− and ASC−/− mice were infected in the corneal stroma with S. 

pneumoniae TIGR4 A. 24h post infection, corneas were excised and homogenized in lysis 

buffer and western blot was performed for mature forms of Caspase 1 (p10) and IL-1β (p17) 

are indicated by arrow heads. B. Flow cytometric analysis of intracellular pro IL-1β in 

NIMP-R14+ and F4/80+ cells from infected C57BL/6 corneas after 24h. Gates were 

determined based on an isotype control. C–E. C57BL/6 mice were infected with S. 

pneumoniae and 24h later corneas were excised and digested in collagenase. Total corneal 

cells were incubated with NIMP-R14 and FLICA-660-YVAD to detect active caspase-1 

producing neutrophils by flow cytometry (C). NIMP-R14 (green) and FLICA-660-YVAD 

(red) cells were detected by multi spectral imaging flow cytometry (MIFC) (D), original 

magnification is x60. EG. Neutrophils were depleted in C57BL/6 mice by i.p injection of 

NIMP-R14 antibody 24h prior to infection with S. pneumoniae TIGR4. 24h post infection, 

corneas were excised and homogenized in lysis buffer, and western blot was performed for 

NLRP3, pro- and mature IL-1β (E). Representative brightfield images show corneal 
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opacification (F), (original magnification is x20). G. CFU in infected eyes was quantified 

24h after infection. Data points represent individual eyes. These experiments were repeated 

twice with similar results.
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Figure 3. NLRP3/ASC expression and oligomerization in neutrophils
A. NLRP3 protein expression by western blot of C57BL/6 bone marrow neutrophils after 

incubation with killed S. pneumoniae (hkSP) for 3h. B. NLRP3 protein expression in bone 

marrow neutrophils from C57BL/6 and TLR2−/− mice after stimulation with hkSP for 3h C, 
D. NLRP3 expression in C57BL/6 neutrophils incubated with either NFκB inhibitor JSH-23 

(C) or the JNK/AP-1 inhibitor SP600125 (D) at the indicated concentrations (μM) for 

30mins prior to stimulation with hkSP for 3h. Western blot was performed for NLRP3, 

ASC, p-JNK, total JNK and β-actin. E. NLRP3 expression in C57BL/6 bone marrow 

neutrophils after priming with hkSP for 3h followed by stimulation with WT TIGR4 (MOI 

50), Ply or a non-hemolytic Ply (PdB) for 1.5h. Red is NLRP3 and blue is DAPI; scale bar is 

10μm. F. ASC oligomers detected by western blot from C57BL/6 bone marrow neutrophils 

after priming with hkSP for 3h followed by stimulation with Ply (500ng/ml) for 2h or with 

Nigericin (10μM) for 45mins. Western blot was performed from the pellet and lysate (Lys) 

using anti-ASC antibody. Data are representative of two repeat experiments.
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Figure 4. Multiple Caspase-1 and ASC specks in neutrophils
Bone marrow neutrophils were isolated from C57BL/6 mice and primed for 2hr with hkSP 

and stimulated with purified Ply for 2hr. Cells were then stained with antibody to ASC or 

with FAM-YVAD-FMK (for caspase-1). A. Representative bright field and fluorescent 

images (60x) of neutrophils showing ASC specks. B, C. 6547 neutrophils were analyzed by 

Amnis Imagestream X and spot counting was performed using IDEAS software, and Tables 

and pie charts were generated showing percentage and total number of neutrophils with one 

or multiple ASC specks. D. Representative bright field and fluorescent images (60x) of 

neutrophils showing caspase-1 speck (FAM-YVAD-FMK staining). E, F. Percentage and 

total number of neutrophils with one or multiple caspase-1specks (3055 cells were 

analyzed).
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Figure 5. Active caspase-1 induction in murine neutrophils is dependent on NLRP3 and ASC, 
and requires active pneumolysin
C57BL/6 neutrophils were incubated 3h with heat killed S. pneumoniae (hkSP) (Signal 1), 

followed by 1.5 h stimulation with either live S. pneumoniae TIGR4 (WT), or the ply mutant 

(Signal 2), and active caspase-1 was detected using FLICA 660-YVAD. A. Representative 

neutrophils showing FLICA660-YVAD positive cells (red specks) (original magnification is 

x100). B. Percent FLICA660-YVAD positive neutrophils. C, D. Representative flow 

cytometry profiles (C) and percent (D) FLICA660-YVAD positive C57BL/6 neutrophils 

primed with hkSP and further incubated with Ply or the non-hemolytic Ply (PdB) for 1.5h. 

E. Mature p10 form of caspase-1 from supernatant of C57BL/6, NLRP3−/−, ASC−/− and 

Caspase-1/11−/− neutrophils after incubation with Ply (500ng/ml) for 2h or with nigericin as 

a positive control. F, G. Percent FLICA660-YVAD positive neutrophils from C57BL/6 and 

caspase-1/11−/− mice (F) and from NLRP3−/− and ASC−/− mice (G) following hkSP priming 

for 3h and stimulation with live WT or ply mutants for 1.5h. H. IL-1β secretion after hkSP 

priming and stimulation with WT TIGR4, purified Ply (500 ng/ml) for 2h or nigericin for 

45mins. Data are representative of three repeat experiments.
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Figure 6. Pneumolysin dependent caspase-1 activation and IL-1β secretion by human neutrophils
Human peripheral blood neutrophils were primed with hkSP for 3h followed by 2h 

stimulation with WT or Δply (A, C, E) or with Ply and PdB for 2h (B, D, F) and IL-1β (A, 
B) and CXCL-8 (C, D) in the supernatant was quantified by ELISA. Cell death was assayed 

by LDH release compared with lysed cells (E, F). Histograms are mean ±SD of atleast 5 

samples per group and data shown are representative of three independent experiments. ** 

p< 0.001, *** p< 0.0001. Nig: Nigericin incubation was for 45mins.
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Figure 7. Pneumolysin-induced caspase-1 activation and IL-1β secretion by neutrophils requires 
K+ efflux
A. Human peripheral blood neutrophils were hkSP primed with hkSP for 3h and stimulated 

with Ply or PdB for 2h. Total cell contents were extracted using 10% HNO3, and the cell 

associated K+ concentration was quantified by atomic absorbance spectroscopy. B. 

FLICA660-YVAD positive murine neutrophils quantified by flow cytometry after treatment 

with live TIGR4 in presence of increasing concentration of extracellular KCl.; C. hkSP 

primed neutrophils were stimulated 2h with either Ply (500ng/ml) or WT TIGR4 (50:1) in 

the presence of 5 mM or 130 mM KCl, and IL-1β secretion was measured. D–F. Neutrophils 

were primed and stimulated with Ply (500ng/ml), or were stimulated with Nigericin in the 

presence of the pan-caspase inhibitor ZVAD or the caspase-1 inhibitor YVAD at the 

indicated concentration (μM), and examined for IL-1β secretion after 2hr (D), intracellular 

K+ (E) and LDH (F). Histograms are mean ±SD of three samples per treatment condition, 

and are representative of two similar experiments with neutrophils from different donors. ** 

p< 0.001, *** p< 0.0001.
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Figure 8. Pneumolysin induced IL-1β secretion by neutrophils does not require lysosomal 
disruption or serine protease activity
A, B. Primed human neutrophils were pretreated with bafilomycinA (200nM), CA-074-Me 

(100μM) or ZFA (50 μM) 30mins prior to stimulation with TIGR4 (50:1) or Ply (500ng/ml) 

for 2h and IL-1β (A) and LDH (B) release were quantified from the supernatant. C, D. 

Primed murine neutrophils from C57BL/6 and neutrophil elastase (NE)−/− were stimulated 

with TIGR4 (50:1) or Ply (500ng/ml) for 2h and IL-1β (C) and LDH (D) release were 

quantified. Histograms are mean ±SD of samples of 5 samples per treatment conditions, and 

are representative of three independent experiments with similar observations.
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