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Abstract

Neutrophils are an important source of IL-1β secretion in bacterial infections, where they infiltrate 

affected tissues in log-fold higher numbers than macrophages. Neutrophils also have functional 

NLRP3 and NLRC4 inflammasomes that can process pro-IL-1β to the bioactive 17kD form. In the 

current study, we examined the role of IL-1β in response to corneal infection with the filamentous 

fungus A. fumigatus, and found that neutrophils were the predominant source of bioactive IL-1β 
in the cornea. We also found that caspase-11−/− mice exhibited the same susceptibility phenotype 

as IL-1β−/−, ASC−/−, NLRP3−/− and caspase-1−/− mice, with impaired neutrophil recruitment to 

infected corneas and increased hyphal growth. We further demonstrate that caspase-11 is required 

for caspase-1 activation and IL-1β processing during infection. In vitro, we show that caspase-11 

is regulated by the common type I IFN receptor (IFNAR1) through JAK-STAT signaling, and that 

caspase-11 is required for speck formation and caspase-1 activity. Aspergillus spores (conidia) 

stimulate IL-1β processing and secretion by neutrophils by activation of Dectin-1 and signaling 

through the Raf1 kinase/MEKK rather than the spleen tyrosine kinase (Syk) pathway. Collectively, 

these findings reveal unexpected regulation of IL-1β production by neutrophils in response to 

pathogenic fungi.
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Introduction

IL-1β serves as a central cytokine in infection and immunity (1). Neutrophils are generally 

not considered to be an important source of IL-1β compared with macrophages; however, 
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we, and others reported that neutrophils not only produce the pro-form of IL-1β in response 

to bacterial infections, but also have active NLRP3 and NLRC4 inflammasomes that 

generate active caspase-1, resulting in cleavage of the 31kD pro-form into the bioactive 

17kD cleaved cytokine (2–4). Further, those reports demonstrate that in marked contrast to 

macrophages that undergo pyroptosis, neutrophils remain viable in response to 

Streptococcus pneumoniae - induced NLRP3 activation, Salmonella induced NLRC4 

activation and LPS/ATP induced NLRP3 activation.

In the current study, we examined the role of IL-1β in a well-established model of fungal 

keratitis in which neutrophils are the predominant cells that infiltrate infected corneas (5–9). 

This model reflects early stage blinding human fungal keratitis, which is characterized by a 

predominant neutrophil infiltration and IL-1β gene expression (10). We found that in 

addition to requiring IL-1β, NLRP3 and caspase-1 to regulate A. fumigatus corneal 

infection, caspase-11 has an essential role in the development of corneal opacity and 

neutrophil infiltration in addition to regulating fungal growth, which is regulated by IFNAR. 

Together, results from this study identify caspase-11 as an important player in fungal 

keratitis that is based on its unexpected role mediating IL-1β secretion by neutrophils in the 

absence of pyroptosis.

Materials and Methods

Source of Mice

C57BL/6, caspase-1/11−/−, caspase-11−/− deficient and IFNAR1−/− mice were purchased 

from The Jackson Laboratory. Dectin-1 (clec7a−/−) and IL-1β deficient mice (6–8 weeks 

old) were a kind gift from Dr. Yoichiro Iwakura (University of Tokyo, Tokyo, Japan). 

Caspase-1/11−/−, were generated by R. Flavell (Yale University, New Haven, CT), and 

NLRP3−/− and ASC−/− mice were generated by Millenium Phamaceuticals. All C57BL/6 

and gene knockout mice were bred in the ALARC approved animal facility at Case Western 

Reserve University; therefore, all mice were exposed to the same environment. We used 6–8 

week old male and female mice in all experiments.

Aspergillus strain and growth conditions

The RFP-expressing strain of A. fumigatus (Af293) constitutively expresses monomeric 

dsRed protein, and was generated by Dr. Michelle Momany at the University of Georgia 

(Athens, GA) (5). Af293 were harvested from Sabouraud dextrose Agar (SDA) plate culture, 

and conidia were obtained through sterile gauze, then conidia were cultured in Sabouraud 

dextrose Broth (SDB) for 6 hours to allow germination and expression of β-glucan (5).

Antibodies and Reagents

All commercial reagents and antibodies are listed in Supplemental Table 1.

Murine model of fungal keratitis

Conidia were harvested from SDA and suspended in PBS. Mice were anaesthetized by 

intraperitoneal injection of 1.2% tribromoethanol, and a 30-gauge needle was used to make a 

pocket in the corneal stroma, after which a 33-gauge Hamilton syringe was inserted, and 2 μl 
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of 1 × 105 conidia in PBS was injected into the corneal stroma. Corneal opacity and corneal 

fungal grown were photographed using a high-resolution stereo fluorescence MZFLIII 

microscope (Leica Micro- systems) and Spot RT Slider KE camera (Diagnostics 

Instruments). All images were captured using SpotCam software (RT Slider KE; Diagnostics 

Instruments). Corneal opacity and corneal red-fluorescence were quantified by Metamorph 

software as described (6).

A. fumigatus growth in infected corneas (CFU)

Infected whole eyes were homogenized in 1ml of sterile PBS using the Retsch Mixer Mill 

MM300 (Qiagen, Valencia, CA) at 33Hz for 4 minutes. Log dilutions were made and 

samples were plated on SDA plates at 37oC for 48 hours. The number of colony forming 

units (CFU) was determined by direct counting.

Western blot analysis

Corneas were dissected and homogenized using the Retsch Mixer Mill MM300 as described 

above. Protein content was quantified using the BCA kit (Thermofisher), and 10–20 μg 

protein extracts were subjected to standard western blot techniques as we reported (3, 11).

Bone marrow neutrophils and BM derived macrophages

Neutrophils were isolated from single cell suspensions of bone marrow using the negative 

selection EasySep™ mouse neutrophil enrichment kit (STEMCELL, Vancouver, Canada), 

which yields >95% neutrophils as confirmed by flow cytometry. To derive bone marrow 

macrophages, total bone marrow cells were incubated with MCSF for 10 days as described. 

Cells were >95% macrophages as determined by flow cytometry using F/480 antibody.

Cell culture

Purified conidia were cultured in in Sabouraud dextrose Broth (SDB) for 6 hours to allow 

germination and expression of β-glucan (5). Bone marrow neutrophils (95% purity) were 

pre-treated with the caspase-11 inhibitor Wedelolactone, the caspase-1 inhibitor AC-YVAD-

CMK, STAT1/3 inhibitor Ruxolitinib, Raf1 inhibitor GW5074, Syk inhibitor R406, MEKK 

inhibitor U0126 or JNK inhibitor SP600125 at concentrations that we previously found were 

effective (3, 7, 12), or as recommended by the manufacturers. The source and catalogue 

numbers of all inhibitors are listed in Supplemental Table 1). Neutrophils were then 

incubated at 370C in 5% CO2 with conidia (10:1 conidia: neutrophils) for 3h to examine 

caspase-1 activity (FLICA), or for 6h to measure IL-1β. Cells were lysed, and pro-and 

cleaved IL-1β were detected by western blot. Total IL-1β in cell free supernatants was 

quantified by ELISA.

Flow Cytometric analysis

Infected corneas were dissected, the vascularized iris was removed, and corneas were 

incubated in 500 μl collagenase type I (Sigma-Aldrich) at 82 U/cornea for 1–2h at 37oC. For 

intracellular IL-1β, total cells were collected by centrifugation, and incubated in fixation 

buffer and in permeabilization buffer according to the manufacturer’s directions 

(eBioscience, San Diego, CA). Cells were resuspended in 200 μl FACS buffer containing 
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4μg/cornea Fc blocking Ab (anti-mouse CD16/32; eBioscience) on ice for 10 minutes, 

followed by FITC conjugated anti-rat NIMP-R14 Ab for 1h, washed and incubated in 

fixation buffer and in permeabilization buffer according to the manufacturer’s directions 

(eBioscience, San Diego, CA) and stained with APC conjugated anti-mouse IL-1β Ab. Cells 

were analyzed using an Accuri C6 flow cytometer (BD Bio. CA) and gated based on the 

Fluorescence minus one (FMO). Cells were also analyzed using the Amnis Imagestream.

FAM-FLICA Caspase-1 Assay

Neutrophils (1×106 cells/ml) were incubated with 1×106 heat-killed, swollen conidia for 3h, 

or with 100 ng/ml LPS for 3h and ATP for 45 min. were then incubated with the FAM-

YVAD-FMK (ImmunoChemistry Tech., MN), which binds active caspase-1, and cells were 

counterstained with DAPI (Invitrogen). Active caspase-1 was detected by fluorescence 

microscopy and flow cytometry as we described (3).

Cytokine quantification

IL-1β, IFN-β CXCL1 and CXCL2 in digested corneas or in supernatants of neutrophil 

cultures were quantified by 2-site ELISA according to manufacturer’s directions (R&D 

Systems, MN). Bioactive IL-1β was quantified using the HEK-blue IL-1R expressing cells 

according to manufacturer’s directions (InVivoGen). Although these cells respond to IL-1α 
and IL-1β, bioactivity of IL-1β was examined by adding neutralizing antibodies.

Statistical Analysis

Data were analyzed by unpaired Student t test (comparing 2 samples) or by ANOVA with 

Tukey post hoc analysis for >2 samples using GraphPad Prism (San Diego, CA). Statistical 

significance was defined as p < 0.05.

RESULTS

Aspergillus fumigatus corneal infection is regulated by IL-1β, NLRP3 and ASC

To examine the role of IL-1β and the NLRP3/ASC inflammasome in fungal keratitis, we 

utilized a well-established murine model in which A. fumigatus conidia (spores) are injected 

directly into the corneal stroma (5). C57BL/6 and IL-1β−/− mice were infected 

intrastromally with 2 μl saline containing 1 × 105 conidia of A. fumigatus strain Af293 

expressing dsRed. After 24h, hyphae had invaded the corneal stroma (Figure 1A), and total 

hyphal mass was significantly higher in infected IL-1β−/− compared with C57BL/6 mice 

(Figure 1A, B). Conversely, corneas of IL-1β−/− mice exhibit significantly less corneal 

opacification compared with C57BL/6 mice (Figure 1C, D).

To determine the role of the NLRP3 inflammasome in regulating fungal growth, NLRP3−/− 

and ASC−/− mice were infected with Af293 (not expressing dsRed). As shown in Figure 1E-

G, NLRP3−/− and ASC−/− mice had significantly higher CFU, but less corneal opacification 

than C57BL/6 mice. Our prior studies showed that rapid infiltration of neutrophils is 

essential to control fungal growth in the cornea, and that neutrophil infiltration results in 

corneal opacification (5). Longer-term infections in IL-1β−/−, NLRP3−/− and ASC−/− mice 

results in corneal perforation due to unregulated fungal growth (not shown). Finally, total 
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cells in infected corneas were incubated with the anti-Ly6G antibody NIMP-R14 following 

collagen digestion, and examined by flow cytometry. As shown in Figure 1H-I, the number 

of Ly6G+ neutrophils was significantly lower in infected corneas from NLRP3−/− and ASC
−/− compared with C57BL/6 mice, which was consistent with increased fungal growth and 

less corneal opacification (Figure 1E-G).

Finally, IL-1β was measured in corneas from infected and control mice. As shown in Figure 

1J, the IL-1β response in NLRP3−/− and ASC−/− mice was undetectable compared to the 

robust response observed in infected C57BL/6 mice.

Together, these findings demonstrate that IL-1β, NLRP3 and ASC are required to regulate 

A. fumigatus hyphal growth in the cornea, and that IL-1β production in the cornea is 

dependent on NLRP3 and ASC.

Neutrophils are the predominant source of IL-1β in A. fumigatus infection

As the decreased IL-1β in infected NLRP3−/− and ASC−/− corneas correlates with impaired 

neutrophil infiltration, and we reported that neutrophils utilize the NLRP3 inflammasome to 

cleave IL-1β in Streptococcus pneumoniae infected corneas (3), we examined if neutrophils 

are the source of IL-1β in Aspergillus infected C57BL/6 corneas.

Infected C57BL/6 corneas were dissected 24h post – infection, incubated with collagenase, 

and Ly6G+ neutrophils with intracellular IL-1β were quantified by flow cytometry. As 

shown in Figure 2A, 47.7% total cells were IL-1β positive, and 44% were Ly6G+, indicating 

that the majority (92.2%) of IL-1β positive cells in A. fumigatus infected corneas are 

neutrophils. Intracellular IL-1β is also shown in representative Ly6G+, CD11β+ neutrophils 

(Figure 2B). However, as the antibody to IL-1β does not differentiate between the 31kD pro-

form and the 17kD cleaved, bioactive form of IL-1β, we also processed infected corneas for 

western blot analysis. As shown in Figure 2C, the cleaved 17kD IL-1β was detected in 

infected corneas.

Finally, we used IL-1R reporter cells to quantify bioactive IL-1β. Infected corneas were 

homogenized, and bioactive IL-1 was quantified using IL-1R reporter cells as described in 

Methods. This assay is more sensitive than ELISA, and infected corneas were found to have 

~10–15 ng/ml bioactive IL-1, which was reduced >90% in the presence of neutralizing 

IL-1β antbody (Figure 2D), indicating that IL-1β in infected corneas is bioactive.

Collectively, these findings demonstrate that neutrophils are not only the predominant source 

of IL-1β in Aspergillus infected corneas, but also that IL-1β is cleaved and has bioactivity.

Caspase-11 is required for Caspase-1 and IL-1β cleavage in vivo

To examine the role of caspase-1 in IL-1β production and A. fumigatus infection, we used 

caspase-1−/− mice that are also deficient in caspase-11 (caspase-1/11−/− mice), and mice that 

are deficient only in caspase-11 (13). We found that infected caspase-1/11−/− and caspase 

11−/− mice had significantly elevated hyphal mass and viable A. fumigatus compared with 

infected C57BL/6 corneas (Figure 3A-C). These mice also had 3–5 fold fewer neutrophils 

compared with C57BL/6 corneas (Figure 3D), most likely due to impaired CXC chemokine 
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production by resident macrophages as we reported in earlier studies (5). Together, these 

findings demonstrate an unexpected role for caspase 11 in the host response to a fungal 

infection.

To examine the effect of caspase 11 on IL-1β cleavage, infected C57BL/6, caspase 1/11−/− 

and caspase 11−/− corneas were homogenized, and examined by western blot analysis. As 

shown in Figure 3E, in contrast to C57BL/6 mice, caspase-1 p20 and IL-1β p17 were not 

detected in caspase 11−/− corneas, indicating that caspase-11 is required for caspase-1 and 

subsequent IL-1β cleavage. Secreted IL-1β (pro- and cleaved) was also significantly lower 

in infected Caspase-11−/− corneas (Figure 3F).

As the type 1 IFN receptor (IFNAR) has been shown to induce caspase-11 expression (14), 

we next examined the effect of IFNAR on IL-1β production and cleavage in Aspergillus 
infected corneas. Figure 3G, H shows significantly reduced total IL-1β and the absence of 

IL-1β cleavage in IFNAR−/− compared with C57BL/6 corneas, indicating a requirement for 

IFNAR in IL-1β production in vivo. IFNAR1−/− mice also showed reduced IFN-β 
production compared with infected C57BL/6 corneas (Figure 3I).

Caspase-11 and IFNAR1 are required for caspase-1 and IL-1β cleavage by bone marrow 
neutrophils

We took two complementary approaches to determine the role of neutrophil caspase-11 on 

IL-1β production and on caspase-1 and IL-1β cleavage; using neutrophils from gene 

knockout mice; and using well-characterized inhibitors to block caspase-11 production by 

neutrophils from C57BL/6 mice. Neutrophils were isolated by negative selection from total 

bone marrow cells from C57Bl/6 and caspase-11−/− mice, and incubated with A. fumigatus 
swollen conidia. Secreted IL-1β was quantified by ELISA, and processed caspase-1 p20 and 

IL-1β p17 were detected by Western blot.

Figure 4A shows significantly less secreted IL-1β in caspase-11−/− compared with C57BL/6 

neutrophils, whereas there was no difference in CXCL1 production (Figure 4B), indicating 

that there is no intrinsic deficiency in the ability of caspase-11−/− neutrophils to respond to 

Aspergillus. Also, conidia alone were sufficient to induce IL-1β production by neutrophils, 

and pre-incubation with LPS as signal 1 was not required (not shown).

As IFNAR signaling induces caspase-11 expression (14), we also examined the role of 

IFNAR in IL-1β production and IL-1β cleavage. As shown in Figure 4C, total IL-1β 
secretion was significantly lower in neutrophils from IFNAR−/− compared with C57BL/6 

mice. Similarly, cleaved caspase-1 p20 and IL-1β p17 were detected in C57BL/6 neutrophils 

incubated with swollen conidia, but not in neutrophils from either IFNAR−/− or Caspase 

11−/− mice (Figure 4D), indicating a requirement for IFNAR and caspase-11 in caspase-1 

and IL-1β cleavage.

As a second approach, bone marrow neutrophils from C57BL/6 mice were incubated with 

A. fumigatus swollen conidia in the presence of the caspase 11 inhibitor Wedelolactone, 

which blocks caspase-11 gene expression by inhibiting p65 activation (15, 16). Neutrophils 
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were also incubated with the caspase 1 inhibitor YVAD, or with the JAK/STAT inhibitor 

ruxolitinib.

We found that these inhibitors blocked the predicted targets, as ruxolitinib inhibited STAT1 

phosphorylation, that Wedelolactone blocked caspase-11 production, and that YVAD 

inhibited caspase-1 activation, resulting in less p20 (Figure 4E). (Note that although the p20 

fraction was recently shown not to be enzymatically active (17), the presence of p20 

indicates that caspase-1 has undergone auto-cleavage that generates the bioactive p33/p10 

products.) Ruxolitinib inhibition also reflected the results with IFNAR−/− neutrophils 

showing inhibition of caspase-11, caspase-1 and IL-1β p17 (Figure 4E). (Although 

inhibition of caspase-1 p20 was not complete, it was sufficient to block IL-1β cleavage and 

inhibit secretion.) Additionally, inhibition of caspase-1 or caspase-11 also blocked the 

cleavage of bioactive IL-1β (Figure 4E), supporting the data seen with knockout 

neutrophils.

As with caspase-1−/− neutrophils, YVAD inhibited IL-1β processing by neutrophils, and 

similarly, Wedelolactone inhibition of caspase 11 resulted in impaired caspase-1 and IL-1β 
processing neutrophils, which supports the findings with caspase-11−/− neutrophils (Figure 

4D). Together, these observations indicate that caspase-11 regulates caspase-1 activity. 

Ruxolitinib inhibition also reflected the results with IFNAR−/− neutrophils showing 

inhibition of caspase-11, caspase-1 and IL-1β p17 (Figure 4E). (Although inhibition of 

caspase-1 p20 was not complete, it was sufficient to block IL-1β cleavage and inhibit 

secretion.)

Collectively, these findings support the concept that IL-1β processing by neutrophils in 

response to Aspergillus occurs by IFNAR/JAK-STAT - induced production of caspase-11, 

which functions upstream of caspase-1.

Selective role for caspase-11 in regulating FLICA speck formation in response to A. 
fumigatus conidia

As a third approach to examine the role of caspase-11 in caspase-1 activation in neutrophils, 

bone marrow neutrophils from C57BL/6 and caspase-11−/− mice were incubated with 

swollen conidia, and caspase-1 activation in the context of visible NLRP3/ASC/caspase-1 

inflammasomes (specks) was examined using FITC-YVAD (FLICA) as an indicator of 

caspase-1 activity, and the number of FLICA+ cells was quantified using the flow cytometry 

function of the Amnis Imagestream.

As shown in Figure 5A, >50% of total neutrophils from C57BL/6 mice were FLICA+ 

following incubation with swollen (β-glucan expressing), heat killed conidia. In contrast, 

<5% of caspase-11−/− neutrophils were FLICA+. There was no intrinsic defect in caspase-11 

neutrophils as LPS/ATP stimulation induced >50% FLICA+ cells in neutrophils from 

C57BL/6 and caspase-11−/− neutrophils (Figure 5A,B). Consistent with the selective role for 

caspase-11 in conidia – induced speck formation, there was no difference in IL-1β 
production between caspase-11−/− and C57BL/6 neutrophils following stimulation with 

LPS/ATP (Figure 5C).

Sun et al. Page 7

J Immunol. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Representative images show neutrophils with single or multiple specks in response to 

conidia or LPS/ATP (Figure 5D), which we also found by Imagestream and confocal 

microscopy in neutrophils stimulated with Streptococcus pneumoniae (3).

Neutrophil IL-1β cleavage is dependent on Dectin-1 and the Raf1 pathway

Dectin-1 is a c-type lectin that recognizes β-glucan on the fungal cell wall, and mediates 

phagocytosis (18–20). We reported that Dectin-1 is required to regulate hyphal growth and 

corneal disease caused by A. fumigatus (5, 7), and that Dectin-1 is expressed on bone 

marrow neutrophils (6).

To examine if Dectin-1 is required for neutrophil IL-1β production, bone marrow 

neutrophils from Dectin-1−/− mice were incubated with swollen A. fumigatus conidia, and 

secreted and cleaved IL-1β were detected by ELISA and western blot analyses. As shown in 

Figure 6A, IL-1β secretion by Dectin-1−/− neutrophils stimulated with Aspergillus conidia 

was significantly less than that of neutrophils from C57BL/6 mice. Further, there was less 

pro- and cleaved IL-1β in Dectin-1−/− compared with C57BL/6 neutrophils (Figure 6B).

As Dectin-1 can signal through either the Syk or the Raf1 pathway (21, 22), bone marrow 

neutrophils from C57BL/6 mice were incubated 6h with swollen A. fumigatus conidia in the 

presence of either the p-Syk inhibitor R406 or with the p-Raf1 inhibitor GW5074, and IL-1β 
in the supernatant was quantified by ELISA. As shown in Figure 6C, IL-1β was inhibited by 

GW5074, but not R406, indicating that Dectin-1 signals through p-Raf1. Conversely, IL-1β 
production by bone marrow derived macrophages was selectively inhibited by R406 (Figure 

6D). GW5074, but not R406, inhibited neutrophil Raf1, Erk1/2, JNK, and MEK1/2 

phosphorylation (Figure 6E), which is characteristic of RAF1 activation of the MEKK / 

MAPK pathway (21, 22). Consistent with the neutrophil data, secreted IL-1β was 

significantly lower in the presence of either the MEK inhibitor U1026 or the JNK inhibitor 

SP600125, neither of which inhibited CXCL2 production (Figure 6F, G), which is more 

dependent on NFκB activation. Although pharmacological inhibitors can have off-target 

effects, we found that Syk inhibitor F506 and Raf1 inhibitor GW5074 are selective in 

blocking Raf1 and Syk phosphorylation, respectively. Similarly, these inhibitors selectively 

blocked IL-1β production by neutrophils and macrophages.

Finally, we examined the effect of conidia on inducing pyroptosis, defined as caspase-1 

dependent cell death. Neutrophils and macrophages were incubated with increasing numbers 

of swollen conidia, and pyroptosis was measured by uptake of LDH as described (3). 

Whereas macrophage pyroptosis was dose-dependent and reached ~60%, neutrophil cell 

death did not increase over unstimulated cells, indicating that conidia do not induce 

neutrophil pyroptosis (Figure 6H). This is consistent with the absence of pyroptosis in 

neutrophils incubated with Streptococcus pneumoniae or Salmonella typhimurium (2, 3).

Together, these findings demonstrate that in contrast to macrophages, A. fumigatus 
activation of the Raf1 pathway is essential for Dectin-1 – mediated secretion of IL-1β by 

neutrophils, and that neutrophils do not undergo pyroptosis.
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DISCUSSION

Aspergillus and Fusarium molds are the most common infectious agents leading to corneal 

blindness in developing countries, often occurring as a result of ocular trauma (23). We 

reported that neutrophils comprise >90% of total cells in patients with early stage corneal 

ulcers, which also have highly elevated gene expression of NLRP3 and ASC, and of pro-

inflammatory cytokines, including IL-1β (10).

We also reported that neutrophils are the predominant cells in murine models of fungal 

keratitis, and that IL-1β is elevated during infection (5, 24); in the current study, we 

demonstrate that neutrophils are the major source of IL-1β in fungal infected corneas, that 

neutrophil IL-1β is processed to the 17kD product by the NLRP3/ASC inflammasome and 

caspase-1, and that neutrophil derived IL-1β in infected corneas has pronounced bioactivity. 

Further, genetic deletion of any of these proteins results in impaired fungal killing. 

Surprisingly, we also found that infected caspase-11−/− mice exhibited the same phenotype 

as caspase-1/11−/− mice, and that caspase-11 acts upstream of caspase-1 in infected mice 

and in bone marrow neutrophils stimulated in vitro with A. fumigatus conidia.

Caspase-11 gene expression and protein production can be induced by type I and type II 

IFNs (14); hence IFN-β and IFN-γ induce caspase-11, and dendritic cells from IFNAR−/− 

mice exhibit impaired IL-1β production in response to bacterial stimulation (14). We also 

found impaired IL-1β processing and secretion in Aspergillus infected IFNAR−/− mice, and 

caspase-11 was not detected in bone marrow neutrophils from IFNAR−/− mice or from 

C57BL/6 mice treated with the JAK/STAT inhibitor ruxolitinib. These observations indicate 

that IFNAR regulates expression of caspase-11 in Aspergillus- stimulated neutrophils in a 

manner similar to that described for macrophages (14).

Finally, we show that A. fumigatus conidia activate Dectin-1 on neutrophils; however, in 

contrast to macrophages that primarily signal through spleen tyrosine kinase, Dectin-1 

preferentially activates the Raf1 pathway, leading to MAPK signaling. We also showed that 

Dectin-1 is required for production of the pro-form of IL-1β and that the Raf1 pathway 

mediates IL-1β secretion by neutrophils. A recent study shows the Dectin-1 (and Dectin-2) 

activation by pathogenic Histoplasma yeast induces assembly of the NLRP3 inflammasome 

in dendritic cells (25); therefore a similar mechanism may be in place that activates the 

NLRP3 inflammasome in neutrophils incubated with A. fumigatus conidia.

IFN-β is also produced during corneal infection, and we found that the type I IFN receptor 

(IFNAR1) is required for production of caspase-11 in vivo, and in bone marrow neutrophils 

in vitro. This role for type I IFN in promoting IL-1β production is distinct from earlier 

reports that type I IFN used in treatment of autoimmune disease is due at least in part to 

suppression of IL-1β production (26, 27). In those studies, type I IFN signaling inhibited 

NLRP3 inflammasome inhibition, whereas in our study and that of Rathinam and Fitzgerald 

(14), IFNAR - induced caspase-11 was required for caspase-1 activation.

We also found that in the absence of caspase-11, neutrophils did not form caspase-1 specks 

in response to swollen conidia, whereas there was no effect of caspase-11 deficiency on 

speck formation by LPS/ATP - induced neutrophils. Together with the western blot data in 
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Figure 4 where cleaved caspase-1 was not detected in the absence of, or following inhibition 

of caspase-11, these observations strongly indicate that caspase-11 functions upstream of the 

NLRP3 inflammasome and caspase-1 activation. Broz and Monack reported that caspase-11 

(activated by intracellular LPS) is required for NLRP3 inflammasome assembly and 

therefore acts upstream of the inflammasome (13), whereas Rathinam and Fitzgerald 

reported that caspase-11 mediates caspase-1 activation in the absence of NLRP3 (14). 

Rathinam also indicates that caspase-11 undergoes auto-activation, whereas Broz suggests a 

scaffold is required (reviewed in (28)). Given that these macromolecular specks can be 

detected using probes for ASC, NLRP3 or activated caspase-1, we propose that in 

neutrophils, caspase-11 functions upstream of the inflammasome.

Caspase-1 and caspase-11 cleave the pore forming protein Gasdermin-D (GSDMD) in the 

cytosol from the auto-inhibitory form to release the N-terminal product, which inserts into 

the inner leaflet of the plasma membrane. Oligomerization in the membrane leads to pore 

formation in macrophages and dendritic cells that results in pyroptotic cell lysis and release 

of bioactive IL-1β (29, 30). We found that neutrophils stimulated with A. fumigatus conidia 

secrete IL-1β in the absence of cell lysis, which is consistent with prior reports by us and by 

Schroder et. al. showing that neutrophil activation of the NLRP3 or NLRC4 inflammasome 

generates caspase-1 – dependent processing of IL-1β, but the neutrophils do not undergo 

pyroptosis (2, 3, 11). Although we have yet to determine the mechanism of lysis - 

independent IL-1β release by neutrophils, limited Gasdermin-D cleavage can result in pore 

formation and release of cleaved IL-1β in the absence of pyroptosis (31, 32). Further, 

neutrophil elastase can cleave GSDMD in aging neutrophils, leading to lytic cell death (33).

In addition to pyroptosis, neutrophils undergo cell death by release of neutrophil 

extracellular traps (NETosis), which is characterized by early nuclear decondensation and 

swelling, followed by DNA together with histones and antimicrobial peptides that are 

extruded from the cells (34). Two recent reports demonstrated that GSDMD regulates cell 

death by NETosis: Zychlinsky and co-workers used a novel GSDMD inhibitor to block 

NETosis (35), whereas Schroder et al showed that not only are caspase-11 (activated by 

intracellular LPS) and GSDMD required for extrusion of NETs, but are also required for 

nuclear decondensation (36). We recently reported that NETs are induced in A. fumigatus 
infected corneas; however, NETosis is not required for hyphal killing either in vitro or in 
vivo (37).

Our findings on the role of caspase-11 differ from those of Kanneganti and colleagues using 

a murine model of pulmonary aspergillosis that requires systemic immunosuppression with 

cyclophosphamide and cortisone that reflects the immune suppressed state of patients that 

occurs as a result of leukemia, neutropenia or allogeneic cell transplantation (38, 39) (In 

contrast, patients with fungal keratitis are not immune compromised (23)). We found a 

requirement for caspase-11 in caspase-1 and IL-1β cleavage by neutrophils, whereas these 

investigators reported that bone marrow derived dendritic cells from caspase-1−/− or 

caspase-1/11−/− mice did not produce IL-1β whereas caspase-11−/− dendritic cells produced 

IL-1β at the same level as control cells from C57BL/6 mice (40).
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We recently reported a difference in the role of calprotectin in A. fumigatus infection of 

corneas compared with lungs (9), which may also relate to the differences between our 

studies and those of Kanneganti. This group also reported that A. fumigatus activates the 

NLRP3 and the AIM2 inflammasome, and that both are required for infected mice to survive 

and to clear the pathogens (41). Although we did not examine AIM2, we found impaired 

IL-1β production, neutrophil infiltration and fungal killing in infected corneas of mice that 

are deficient only in NLRP3. The underlying differences between these reports and our 

current data are also likely based on the major source of IL-1β being dendritic cells rather 

than neutrophils.

In conclusion, these studies add to our understanding of the role of caspase-11 in IL-1β 
production by neutrophils in a clinically relevant model of fungal corneal infections. Given 

that neutrophils are recruited to bacterial and fungal infected tissues in large numbers, it is 

highly likely has these findings will be relevant to multiple other infections.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Impaired fungal killing in A. fumigatus infected IL-1β−/−, NLRP3−/− and ASC−/− mice.
A-D: Corneas of IL-1β−/− mice infected with A. fumigatus conidia and examined for hyphal 

growth (A, B), and for corneal opacification (C, D) as shown by representative images (A, 
C) (original magnification is x20). Hyphal mass and corneal opacity were quantified by 

image analysis (B, D). Data points represent individual corneas. E-G: Corneal opacification 

(E, F) and colony forming units (CFU, G) in infected NLRP3−/− and ASC−/− corneas. H, I: 
Neutrophil numbers in infected corneas following collagenase digestion, and total Ly6G+ 

cells per cornea was quantified by flow cytometry. J: Total IL-1β in homogenized corneas of 

NLRP3−/− and ASC−/− mice measured by ELISA. P values were calculated by 2 way 

ANOVA with Tukey post analysis (3 or more data sets) or by unpaired students t test (2 data 

sets). Data are representative of three repeat experiments.
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Figure 2. Neutrophils produce IL-1β in A. fumigatus corneal infection.
A: A. fumigatus infected corneas of C57BL/6 mice were collagenase digested 24h post 

infection, and Ly6G+ and intracellular IL-1β were quantified by flow cytometry. Inset shows 

polymorphonuclear cells from infected corneas after staining with Wrights-Giemsa. B: 
Representative neutrophils from infected corneas immunostained with Ly6G (NIMPR-14) 

and intracellular IL-1β examined by Imagestream analysis. C.Infected corneas were 

homogenized, run on SDS-PAGE, and IL-1β was detected by western blot. D. Homogenates 

of infected corneas were incubated with IL-1R reporter HEK cells, and total bioactive IL-1 

was quantified. Data in A and C are from 5 corneas pooled together; Data in panel D are 

mean+/− SD from corneas from individual mice. All these experiments were repeated twice 

with similar results.
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Figure 3. Impaired fungal killing and IL-1β cleavage in infected Caspase-11−/− mice.
A-D: Corneas of caspase-1−/− and caspase-1/11−/− mice 24h post-infection with A. 
fumigatus conidia. Representative RFP hyphae in infected corneas (A), and hyphal mass for 

each cornea was quantified by image analysis (B). Fungal viability was measured by CFU 

(C), and total Ly6G+ neutrophils per cornea were quantified by flow cytometry (D). 

Experiments were performed as described in the legend to Figure 1; data points represent 

individual corneas. E-H: Corneas from infected C57BL/6, caspase-1−/− and caspase-1/11−/− 

mice were homogenized and examined for pro- and cleaved forms of IL-1β (E), and 

secreted IL-1β (F). G,H. Corneas from C57BL/6 and IFNAR−/− mice were examined for 

pro- and cleaved IL-1β (G), and secreted IL-1β and IFN-β (H). production in infected 

corneas from control and IFNAR−/− mice (I). A: original magnification was x20; B-D: data 

points represent individual mice; E,G: Pooled corneas from three mice; F, H: mean+/−SD 

from 3–5 mice. P values were derived by ANOVA with a Tukey post-test.
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Figure 4. Impaired IL-1β cleavage in neutrophils from Caspase-1/11−/−, Caspase-11−/− and 
IFNAR−/− mice.
A,B: IL-1β and CXCL1 production by bone marrow neutrophils from C57BL/6 and 

caspase-11−/− mice incubated 6h with live Aspergillus swollen conidia (Asp), and quantified 

by ELISA. C: IL-1β induced by LPS/nigericin; and IL-1β produced by neutrophils from 

IFNAR−/− mice (D). E: Western blot of cleaved IL-1β in Aspergillus – stimulated bone 

marrow neutrophils from caspase-1/11−/−, caspase-11−/−, and IFNAR−/− mice. F: Bone 

marrow neutrophils from C57BL/6 mice incubated with Aspergillus in the presence of either 

the JAK/STAT inhibitor Ruxolitinib, the caspase-11 inhibitor Wedelolactone, or the 

caspase-1 inhibitor YVAD. A-C: p values were determined by students t test. Experiments 

were repeated 3 times with similar results.
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Figure 5. FLICA speck formation in response to A. fumigatus conidia.
A. Bone marrow neutrophils from C57BL/6 and caspase-11−/− mice were incubated with 

either swollen conidia or with LPS/ATP in the presence of FITC-YVAD (FLICA) as an 

indicator of caspase-1 activity. FLICA positive cells were quantified using the flow 

cytometry function of the Amnis Imagestream. B. Quantification of FLICA+ neutrophils 

following stimulation with A. fumigatus conidia or LPS/ATP. C. IL-1β production by the 

same neutrophils. D. Representative photomicrographs of neutrophils with one or more 

FLICA+ specks (arrow indicates intracellular conidia that do not overlap with FLICA 

specks). Data shown are representative of two repeat experiments.
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Figure 6. Dectin-1 signaling pathways in IL-1β production.
A,B: IL-1β production by bone marrow neutrophils from C57BL/6 and Dectin-1−/− mice 

stimulated with Aspergillus swollen conidia and examined by ELISA (A) and Western blot 

analysis (B). C,D. IL-1β production by bone marrow neutrophils (C) or bone marrow 

derived macrophages (D) from C57BL/6 mice following incubation with Aspergillus 
swollen conidia in the presence of p-Syk inhibitor R406 or the Raf-1 kinase inhibitor 

GW5074. E. IL-1β cleavage and cell signaling in C57BL/6 bone marrow neutrophils from 

mice incubated with Aspergillus and either R406 or GW5074. F,G. IL-1β and CXCL2 

production by neutrophils from C57BL/6 mice and incubated with MEKK inhibitor U0126 

or JNK inhibitor SP600125. H. LDH release from bone marrow neutrophils compared with 

bone marrow derived macrophages incubated with Aspergillus swollen conidia. Experiments 

were repeated twice with similar results.
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