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Abstract
Background R espiratory fungal exposure is known to 
be associated with severe allergic lung inflammation. 
Airway epithelium is an essential controller of 
allergic inflammation. An innate immune recognition 
receptor, nucleotide-binding domain, leucine-rich-
containing family, pyrin-domain-containing-3 (NLRP3) 
inflammasome, and phosphoinositide 3 kinase (PI3K)-δ 
in airway epithelium are involved in various inflammatory 
processes.
Objectives  We investigated the role of NLRP3 
inflammasome in fungi-induced allergic lung 
inflammation and examined the regulatory mechanism 
of NLRP3 inflammasome, focusing on PI3K-δ in airway 
epithelium.
Methods  We used two in vivo models induced by 
exposure to Aspergillus fumigatus (Af) and Alternaria 
alternata (Aa), as well as an Af-exposed in vitro system. 
We also checked NLRP3 expression in lung tissues from 
patients with allergic bronchopulmonary aspergillosis 
(ABPA).
Results A ssembly/activation of NLRP3 inflammasome 
was increased in the lung of Af-exposed mice. Elevation 
of NLRP3 inflammasome assembly/activation was 
observed in Af-stimulated murine and human epithelial 
cells. Similarly, pulmonary expression of NLRP3 in 
patients with ABPA was increased. Importantly, 
neutralisation of NLRP3 inflammasome derived IL-1β 
alleviated pathophysiological features of Af-induced 
allergic inflammation. Furthermore, PI3K-δ blockade 
improved Af-induced allergic inflammation through 
modulation of NLRP3 inflammasome, especially in 
epithelial cells. This modulatory role of PI3K-δ was 
mediated through the regulation of mitochondrial 
reactive oxygen species (mtROS) generation. NLRP3 
inflammasome was also implicated in Aa-induced 
eosinophilic allergic inflammation, which was improved 
by PI3K-δ blockade.
Conclusion T hese findings demonstrate that fungi-
induced assembly/activation of NLRP3 inflammasome in 
airway epithelium may be modulated by PI3K-δ, which 
is mediated partly through the regulation of mtROS 
generation. Inhibition of PI3K-δ may have potential for 
treating fungi-induced severe allergic lung inflammation.

Introduction
Bronchial asthma is recognised as a heterogeneous 
clinical syndrome, in which complex interplay 

between innate and adaptive immune response 
is central to airway inflammation.1 Among many 
cells, airway epithelium which expresses various 
pattern recognition receptors (PRRs)2 is the first 
line of defence on  encountering allergens and an 
essential controller of immune responses.3 Partic-
ularly, the nucleotide-binding domain, leucine-
rich repeat containing receptors (NLRs) represent 
one important PRR family in the intracellular 
compartment.4

Several members of NLRs are involved in the 
activation of caspase-1 through assembling cytosolic 
multiprotein complexes called inflammasomes, 
leading to cleavage of the proinflammatory IL-1 
family of cytokines, such as pro-IL-1β into its 
bioactive form, IL-1β. Nucleotide-binding domain, 
leucine-rich-containing family, pyrin-domain-con-
taining-3 (NLRP3) inflammasome consisting of 
NLRP3, apoptosis-associated speck-like protein 
containing a carboxy-terminal caspase-recruitment 
domain (ASC), and caspase-1 is the most charac-
terised inflammasome.5 NLRP3 inflammasome has 

Key messages

What is the key question?
►► Phosphoinositide 3-kinase (PI3K)-δ isoform 
has been shown as an important mediator of 
allergic lung inflammation, including the fungi-
induced form; however, a role of PI3K-δ in the 
modulation of innate immune response against 
fungal allergens has not been reported.

What is the bottom line?
►► PI3K-δ is critically implicated in fungi-induced 
allergic lung inflammation through regulation 
of nucleotide-binding domain, leucine-rich-
containing family, pyrin-domain-containing-3 
(NLRP3) inflammasome assembly/activation, 
which is mediated partly through the 
regulation of mitochondrial reactive oxygen 
species generation, particularly in the airway 
epithelium.

Why read on?
►► Inhibition of PI3K-δ signalling may have 
potential for treating fungi-induced severe 
allergic lung inflammation in humans.
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been reported to be implicated in diverse human disorders.6–8 
Assembly/activation of NLRP3 inflammasome is induced 
through several intermediate factors.5 Specifically, functional 
association between NLRP3 inflammasome and intracellular 
organelles, including endoplasmic reticulum (ER) and mitochon-
dria, is a key regulatory mechanism of NLRP3 inflammasome 
activation, partly via release of mitochondrial reactive oxygen 
species (mtROS).9 10 Recently, we showed that NLRP3 inflam-
masome activation by mtROS in airway epithelial cells (EpCs) is 
important in allergic lung inflammation.11

Fungal exposure has been recognised as a precipitating factor 
for development and exacerbation of asthma.12 According to a 
previous study, over 50% of patients with severe asthma were 
sensitised to one or more fungi.13 Among various species, Asper-
gillus fumigatus (Af) and Alternaria alternata (Aa) are common 
airborne fungi implicated in severe asthma.12 14 Particularly, 
the impact of Af on asthma severity has been well characterised15 
and it is also involved in allergic bronchopulmonary aspergillosis 
(ABPA), a representative allergic bronchopulmonary mycosis 
which is assumed as an extreme spectrum of allergic response 
against fungi.12 14 16 In patients with fungi-associated allergic lung 
inflammation, conventional treatment using inhaled corticoste-
roid (CS) seems to be inadequate and other treatment modalities 
such as systemic CS and antifungal agents have been suggested.17 
Nevertheless, limited information exists on the mechanisms of 
how fungi are linked to the allergic inflammation.

Although NLRP3 inflammasome is vital in anti-fungal immune 
response,18 the role of NLRP3 inflammasome in fungus-induced 
allergic lung inflammation remains poorly understood. Contra-
dictory findings exist regarding the involvement of NLRP3 
inflammasome in allergic lung inflammation.8 11 19 20 Given the 
involvement of NLRP3 inflammasome in many pathological 
conditions, controlling NLRP3 inflammasome may offer bene-
ficial effects in fungi-induced allergic lung disorders. We previ-
ously demonstrated that activation of phosphoinositide 3-kinase 
(PI3K)-δ in lung EpCs contributes to allergic lung inflammation 
through the control of inflammatory mediators.21 In addition, 
PI3K-δ in airway EpCs was shown to be involved in fungi-in-
duced allergic lung inflammation through modulating ER 
stress,22 which has been known as a regulator of NLRP3 inflam-
masome assembly/activation.10 23

In this study, the role of NLRP3 inflammasome in fungi-in-
duced allergic lung inflammation was evaluated using two 
murine models induced by Af and Aa. We also examined whether 
PI3K-δ influences NLRP3 inflammasome assembly/activation in 
fungi-induced allergic lung inflammation, especially in airway 
EpCs using Af-stimulated primary cultured EpCs. Lastly, we 
checked expression of NLRP3 in lung tissues from patients with 
ABPA to verify the involvement of NLRP3 inflammasome in 
fungi-induced human allergic lung disorder.

Methods
Detailed methods are provided in the online supplement.

Animals and experimental protocol
Female C57BL/6 mice, 8–10 weeks of age, were used. All animal 
experiments were approved by the Institutional Animal Care and 
Use Committee of the Chonbuk National University and were 
performed in accordance with the ARRIVE (Animal Research: 
Reporting of In Vivo Experiments) guidelines. For the genera-
tion of fungi-induced allergic lung inflammation murine models, 
mice were exposed to Af or Aa extract (Greer Laboratories, 
Lenoir, North Carolina, USA) as previously described.22 24

Cell culture and treatment
Primary cultured murine tracheal EpCs were isolated under 
sterile conditions and treated with IC87114, a selective inhib-
itor of PI3K-δ, or PI3K-δ-specific siRNA as described previ-
ously.22 25Normal human bronchial epithelial (NHBE) cells were 
purchased from Lonza (Walkersville, Maryland, USA).

Immunofluorescence staining for NLRP3, caspase-1 and ASC 
and cytoplasmic localisation of mtROS
Immunofluorescence staining and cytoplasmic localisation of 
mtROS were performed as previously described.22

Western blot analysis
Protein levels were determined as previously described.22

Immunoprecipitation
Co-immunoprecipitation (IP) of NLRP3 and interacting proteins 
was performed using Dynabeads protein G (ThermoFisher 
Scientific Inc., Waltham, Massachusetts, USA) according to the 
manufacturer’s instructions.

Trichloroacetic acid-mediated protein precipitation
Trichloroacetic acid (TCA)-mediated protein precipitation of 
bronchoalveolar lavage (BAL) fluids was performed as described 
elsewhere.26

ASC oligomerisation assay
Cross-linking of ASC oligomers using disuccinimidyl suberate 
cross-linker was performed as previously described elsewhere.27

Determination of airway responsiveness to methacholine
Invasive measurement was performed as previously described.22

Statistics
We used SPSS software (version 18.0, SPSS, Chicago, Illinois, 
USA). Data are expressed as mean±SEM. Statistical comparisons 
were performed using one-way ANOVA followed by the Schef-
fe’s test. Significant differences between two groups (analyses 
between control and Af-exposed groups and analyses between 
Af-exposed wild type and Af-exposed p110δ knockout (KO) 
mice) were determined using unpaired t test. A value of P<0.05 
was considered statistically significant.

Results
NLRP3 inflammasome is implicated in Af-induced allergic lung 
inflammation
First, we determined expression of NLRP3 inflammasome 
components and IL-1β in Af-sensitised/challenged mice. Immu-
nofluorescence intensities of NLRP3 and caspase-1 in BAL cells 
were remarkably increased in Af-exposed mice (figure 1A and 
online  supplementary figure S1A, B). We observed the co-lo-
calisation of NLRP3 and caspase-1, predominantly in the cyto-
plasmic area (figure 1A and online supplementary figure S1C). 
Immunofluorescence intensities of ASC and NLRP3 and their 
co-localisation were also increased, especially in cytoplasm, in 
BAL cells (figure 1B and online  supplementary figure S1D-F). 
Furthermore, IL-1β was elevated in BAL fluids (figure 1C). Simi-
larly, immunofluorescence intensities of NLRP3 and caspase-1 
and their co-localisation were increased, particularly in epithelial 
cell layers, in lung tissues (figure 1D and online supplementary 
figure S1G-I). IL-1β was also increased in lung tissues (figure 1E).
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Figure 1  Nucleotide-binding domain, leucine-rich-containing family, pyrin-domain-containing-3  (NLRP3) inflammasome is involved in Aspergillus 
fumigatus (Af)-induced allergic lung inflammation. (A and B) Representative confocal images of bronchoalveolar lavage (BAL) cells show the 
localisation of NLRP3 (red), caspase-1 (Casp-1, green) and apoptosis-associated speck-like protein containing a carboxy-terminal caspase-recruitment 
domain  (ASC; green) from saline-exposed (control) or Af-exposed (Af) mice. 4',6-Diamidino-2-phenylindole (DAPI) stain was used for nuclear 
localisation. Bars indicate 20 µm. (C) Representative immunoblots and densitometric analyses of IL-1β in BAL fluids from saline-exposed (control) 
and Af-exposed (Af) mice. Bars represent mean±SEM from six mice per group. #P<0.05 versus control. (D) Representative confocal images show 
the localisation of NLRP3 (red) and Casp-1 (green) in lung tissues from saline-exposed (control) and Af-exposed (Af) mice. Bars indicate 50 µm. 
(E) Representative immunoblots and densitometric analyses of IL-1β in lung tissues from saline-exposed (control) and Af-exposed (Af) mice. Bars 
represent mean±SEM from six mice per group. #P<0.05 versus control. (F) Representative confocal image for NLRP3 in lung tissues from a healthy 
control, a patient with idiopathic pulmonary fibrosis (IPF; disease control), and a patient with allergic bronchopulmonary aspergillosis (ABPA), 
respectively. Bars indicate 50 µm. (G) Representative immunohistochemical staining of NLRP3 in lung tissues of a healthy person, a patient with IPF 
and a patient with ABPA. Brown-stained cells were considered to express the NLRP3 protein. Bars indicate 20 µm.

NLRP3 is increased in lung tissues from patients with ABPA
Aspergillus-related disorders encompass a spectrum of diseases.28 
Notably, ABPA represents the most severe type of T helper type 2 
(Th2)-mediated allergic response against aspergillus species.29 We 
evaluated immunofluorescence and immunohistochemical anal-
yses for NLRP3 in lung tissues from patients with ABPA, patients 
with idiopathic pulmonary fibrosis (IPF), and healthy controls, 
because NLRP3 expression is a limiting factor in NLRP3 inflam-
masome activation.30 Immunofluorescence intensity of NLRP3 
was increased in patients with ABPA or IPF. However, increase 

of NLRP3 in patients with ABPA was significantly higher than 
in patients with IPF (figure 1F and online supplementary figure 
S1J). Immunohistochemical analyses also showed that immu-
noreactive NLRP3 was increased in patients with ABPA or IPF. 
However, immunoreactive NLRP3 was significantly increased in 
patients with ABPA (figure 1G and online supplementary figure 
S1K). These data indicate that Af exposure may be related to 
the NLRP3 inflammasome activation in human lung disorder, 
though we cannot rule out the possibility of the involvement of 
other factors.
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Af leads to NLRP3 inflammasome activation in tracheal EpCs
Airway epithelium is the first contact site with Af and a key 
modulator of innate immune response against Af.31 We checked 
expression of NLRP3 inflammasome components in Af-stimu-
lated tracheal EpCs. Immunofluorescence intensities of NLRP3 
and caspase-1 were increased after Af stimulation (figure 2A and 
online  supplementary figure S2A-C). Moreover, cytoplasmic 
co-localisation of NLRP3 and caspase-1 was increased (figure 2A 
and online supplementary figure S2A, D). Similarly, immunoflu-
orescence intensities of ASC and NLRP3 and their cytoplasmic 
co-localisation were increased in these cells (figure  2B and 
online supplementary figure S2E-H).

IL-1β inhibition improves Af-induced allergic lung 
inflammation
To investigate whether NLRP3 inflammasome-derived IL-1β is 
implicated in Af-induced allergic lung inflammation, we evalu-
ated the effects of IL-1β blockade on features of the disease. First, 
we determined the effect of MCC 950, a selective inhibitor of 
NLRP3 inflammasome,32 on IL-1β in BAL fluids. Results showed 
that Af-induced increase of IL-1β was significantly lowered by 
MCC 950 (figure  2C), indicating that NLRP3 inflammasome 
plays a key role in IL-1β generation in Af-exposed mice. Notably, 
IL-1β neutralising antibody (Ab) treatment improved respiratory 
system resistance (Rrs) (figure 2D). Increased numbers of total 
cells, lymphocytes, and eosinophils in BAL fluids were lowered 
by IL-1β neutralising Ab (figure 2E). Furthermore, Af-exposed 
mice administered IL-1β neutralising Ab showed reduction in 
the infiltrations of inflammatory cells into the peribronchiolar 
and perivascular regions (figure 2F-H).

PI3K-δ blockade ameliorates Af-induced allergic lung 
inflammation through regulation of NLRP3 inflammasome 
assembly/activation
First, through assessing the therapeutic effects of IC87114, 
a selective inhibitor of PI3K-δ, in Af-sensitised/challenged 
mice, we observed that PI3K-δ activity contributes to overall 
activities of class I PI3Ks in the lung and plays a key role in 
Af-induced allergic lung inflammation (online  supplementary 
figure S3). Then, we determined the effect of PI3K-δ blockade 
on NLRP3 inflammasome assembly/activation in vivo. Af-in-
duced increases in immunofluorescence intensities of NLRP3, 
caspase-1, and ASC and their cytoplasmic co-localisations in 
BAL cells were notably reduced by IC87114 (figure 3A, B and 
online  supplementary figure S4). Viability assay of BAL cells 
after intratracheal administration of IC87114 revealed that 
there was no significant toxic effect of the inhibitor on cells 
(online  supplementary figure S5). IP assay also showed that 
Af-induced increase of NLRP3 co-precipitated with caspase-1 
or ASC in lung tissues was reduced by IC87114 (figure 3C). 
Furthermore, Af-induced increases of NLRP3 and caspase-1 
p10 (an autoprocessed cleaved form of caspase-1) in lung 
tissues were significantly reduced by IC87114 (figure 3D, E). 
Increased levels of IL-1β in lung tissues and BAL fluids were 
also lowered by IC87114 (figure  3F-H). To further deter-
mine whether PI3K-δ affects NLRP3 inflammasome, KO mice 
without the catalytic subunit of PI3K-δ (p110δ) were used. 
Whereas Af exposure led to the increase of p110δ in wild type 
(WT) mice, p110δ expression was absent in lung tissues of 
Af-exposed p110δ KO mice. In addition, the extent of the infil-
tration of numerous inflammatory cells into the peribronchial 
and perivascular regions was much lower in Af-exposed p110δ 
KO mice (figure  3I). Furthermore, p110δ KO mice after Af 

exposure demonstrated the lower levels of NLRP3 and cleaved 
caspase-1 in lung tissues (figure 3J, K). In addition, Af-exposed 
p110δ KO mice had lower levels of IL-1β in lung tissues and 
BAL fluids (figure 3L, M).

Af-induced assembly/activation of NLRP3 inflammasome in 
bronchial EpCs is regulated by PI3K-δ
Then, we examined whether PI3K-δ modulates NLRP3 
inflammasome in airway EpCs. IC87114 substantially 
limited Af-induced increases in immunofluorescence inten-
sities of NLRP3, caspase-1 and ASC and their cytoplasmic 
co-localisations in EpCs (figure  4A, B and online  supple-
mentary figure S6A-F). We also examined the formation of 
ASC oligomerisation, a key process in NLRP3 inflammasome 
assembly/activation,32 in these cells and IC87114 substan-
tially lowered Af-induced formation of ASC monomers 
and high order complexes (figure  4C). Furthermore, when 
PI3K-δ in EpCs was knocked down, Af-induced expression of 
NLRP3 and caspase-1 and their cytoplasmic co-localisation 
were substantially lowered (figure  4D and online  supple-
mentary figure S6G-I). Supporting these data, Af-induced 
increases of NLRP3 and IL-1β in cell lysates were reduced 
by IC87114 or PI3K-δ siRNA (online  supplementary figure 
S6J-M). Meanwhile, ROS generation acts as one of the major 
upstream signals for NLRP3 inflammasome activation.9 Mito-
chondrion is a major source of intracellular ROS, thereby 
being involved in NLRP3 inflammasome activation.9 33 To 
investigate the role of mtROS in Af-induced allergic lung 
inflammation, we determined the effects of a potent mtROS 
scavenger, NecroX-522,  in Af-exposed mice. Fluorescence 
intensity of mtROS was increased in cytoplasm of BAL 
cells, mainly macrophages and eosinophils, from Af-exposed 
mice (figure  4E, F and online  supplementary figure S6N). 
NecroX-5 reduced Af-induced increase in fluorescence inten-
sity of mtROS. Notably, NecroX-5 dramatically reduced 
the Af-induced increase of IL-1β (figure  4G). Moreover, 
NecroX-5 ameliorated Af-induced allergic lung inflamma-
tion and airway hyper-responsiveness (AHR) (figure 4H-L). 
Furthermore, Af-induced mtROS generation was decreased 
by IC87114 in both BAL cells and EpCs (figure 4M, N and 
online supplementary figure S6O, P).

Af-stimulated NHBE cells replicate the in vitro murine studies
To investigate whether PI3K-δ also modulates NLRP3 inflam-
masome in human epithelial cells, we checked expression of 
NLRP3 inflammasome components and their co-localisations 
in Af-stimulated NHBE cells. IC87114 significantly lowered 
the Af-induced increases in immunofluorescence intensities 
of NLRP3, caspase-1 and ASC and their cytoplasmic co-lo-
calisations in Af-stimulated NHBE cells (figure  5A, B and 
online  supplementary figure S7A-F). Furthermore, IC87114 
lowered the Af-induced ASC-complex formation (figure 5C). In 
the same vein, increased levels of NLRP3 and IL-1β in Af-stim-
ulated NHBE cells were reduced by IC87114 (figure 5D, E). 
Similarly, when PI3K-δ was knocked down, increased levels of 
NLRP3 and IL-1β in Af-stimulated NHBE cells were signifi-
cantly reduced (figure 5F, G). Consistent with these observa-
tions, Af-induced increased immunofluorescence intensities 
of NLRP3 and caspase-1 and their cytoplasmic co-localisa-
tion were substantially lowered by PI3K-δ siRNA (figure 5H 
and online  supplementary figure S7G-I). These data suggest 
that PI3K-δ also regulates Af-induced assembly/activation of 
NLRP3 inflammasome in NHBE cells. Additionally, Af-induced 
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Figure 2  Stimulation with Aspergillus fumigatus (Af) leads to nucleotide-binding domain, leucine-rich-containing family, pyrin-domain-containing-3  
(NLRP3) inflammasome assembly in tracheal epithelial cells (EpCs) and neutralisation of IL-1β improves Af-induced allergic lung inflammation. (A and 
B) Representative confocal images of tracheal EpCs show the localisation of NLRP3 (red), caspase-1 (Casp-1, green) and apoptosis-associated speck-
like protein containing a carboxy-terminal caspase-recruitment domain  (ASC; green) in normal (control) and Af-stimulated (Af) cells. 4',6-Diamidino-
2-phenylindole (DAPI) stain was used for nuclear localisation. Bars indicate 20 µm. (C) Enzyme immunoassays of IL-1β in bronchoalveolar lavage 
(BAL) fluids from saline-exposed mice administered drug vehicle (SAL+VEH), Af-exposed mice administered drug vehicle (Af+VEH), or Af-exposed 
mice administered MCC 950 (Af+MCC). Bars represent mean±SEM from six mice per group. #P<0.05 versus SAL+VEH; *P<0.05 versus Af+VEH. Right 
upper inset image demonstrates the representative immunoblot of IL-1β in BAL fluids. (D) Airway responsiveness assessed by invasive measurements 
in saline-exposed mice administered isotype antibody (Ab) (SAL+ISO Ab), Af-exposed mice administered isotype Ab (Af+ISO Ab), or Af-exposed mice 
administered anti-IL-1β neutralising Ab (Af+IL-1β Ab). Bars represent mean±SEM from six mice per group. #P<0.05 versus SAL+ISO Ab; *P<0.05 
versus Af+ISO Ab. (E) Cellular changes in BAL fluids. Bars represent mean±SEM from five mice per group. #P<0.05 versus SAL+ISO Ab; *P<0.05 versus 
Af+ISO Ab. (F–H) Representative H&E stained sections of the lung from SAL+ISO Ab (F), Af+ISO Ab (G), and Af+IL-1β Ab (H). Bars indicate 50 µm.
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Figure 3  Inhibition of phosphoinositide 3-kinase (PI3K)-δ improves Aspergillus fumigatus (Af)-induced allergic lung inflammation through 
regulation of nucleotide-binding domain, leucine-rich-containing family, pyrin-domain-containing-3  (NLRP3) inflammasome assembly/activation. 
(A and B) Representative confocal images of bronchoalveolar lavage (BAL) cells show the localisation of NLRP3 (red), caspase-1 (Casp-1; green) 
and apoptosis-associated speck-like protein containing a carboxy-terminal caspase-recruitment domain  (ASC; green) from saline-exposed mice 
administered drug vehicle (SAL+VEH), Af-exposed mice administered drug vehicle (Af+VEH), Af-exposed mice administered 0.1 mg/kg IC87114 (Af+IC 
0.1) or Af-exposed mice administered 1.0 mg/kg IC87114 (Af+IC 1.0). 4',6-Diamidino-2-phenylindole (DAPI) stain was used for nuclear localisation. 
Bars indicate 20 µm. (C) Representative immunoblots of Casp-1 or ASC co-precipitated (IP) with NLRP3 in lung tissues. (D–F) Representative 
immunoblots and densitometric analyses of NLRP3 (D), Casp-1 (E) and IL-1β (F) in lung tissues. (G and H) Enzyme immunoassay (G) and 
representative immunoblots and densitometric analyses (H) of IL-1β in BAL fluids. Bars represent mean±SEM from six mice per group. #P<0.05 versus 
SAL+VEH; *P<0.05 versus Af+VEH. (I) Representative immunoblots and densitometric analyses of p110δ in lung tissues and representative H&E 
stained sections of the lung from Af-exposed mice with p110δ KO (p110δ–/–) or WT. Bars indicate 50 µm. (J–M) Representative immunoblots and 
densitometric analyses of NLRP3 (J), Casp-1 (K) and IL-1β (L) in lung tissues, and IL-1β in BAL fluids (M) from Af-exposed mice with p110δ–/– or WT. 
Bars represent mean±SEM from seven mice per group. #P<0.05 versus WT+Af.

generation of mtROS were significantly lowered by IC87114 
in NHBE cells (figure 5I and online supplementary figure S7J).

PI3K-δ regulates NLRP3 inflammasome in Aa-induced allergic 
lung inflammation
To clarify the involvement of NLRP3 inflammasome in 
fungi-induced allergic lung inflammation, we evaluated the 
effects of MCC 950 on allergic lung inflammation induced 
by Aa. Treatment with MCC 950 significantly reduced Aa-in-
duced increases of eosinophil-dominant inflammatory cells 

infiltration, Th2 cytokines and IL-1β in the lung of mice 
(online supplementary figure S8). We then explored whether 
PI3K-δ contributes to Aa-induced allergic lung inflammation, 
and if PI3K-δ regulates NLRP3 inflammasome activation. 
Data showed that Aa-induced increases of airway inflam-
matory cells infiltration and pulmonary Th2 cytokines were 
significantly reduced by treatment with IC87114. Interest-
ingly, Aa-induced increases of IL-1β in lung tissues and BAL 
fluids were significantly lowered by IC87114 (online supple-
mentary figure S9).
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Figure 4  Aspergillus fumigatus (Af)-induced nucleotide-binding domain, leucine-rich-containing family, pyrin-domain-containing-3   (NLRP3) 
inflammasome assembly/activation is regulated by phosphoinositide 3-kinase (PI3K)-δ in epithelial cells (EpCs). (A and B) Representative confocal 
images of tracheal EpCs show the localisation of NLRP3 (red), caspase-1 (Casp-1; green) and apoptosis-associated speck-like protein containing a 
carboxy-terminal caspase-recruitment domain (ASC; green) in the control (no treatment), Af-stimulated cells (Af), Af-stimulated cells administered 
drug vehicle (Af+VEH), and Af-stimulated cells administered IC87114 (Af+IC). 4',6-Diamidino-2-phenylindole (DAPI) stain was used for nuclear 
localisation. Bars indicate 20 µm. (C) Representative immunoblot of ASC monomers and high order complexes in cross-linked cytosolic pellets from 
Af-stimulated EpCs in the presence and absence of IC87114. (D) Representative confocal images of tracheal EpCs show the localisation of NLRP3 
(red) and Casp-1 (green) in the control (no treatment), Af-stimulated cells (Af), Af-stimulated cells administered scrambled siRNA (Af+Scram), 
or Af-stimulated cells administered PI3K-δ siRNA (Af+PI3K-δ). Bars indicate 20 µm. (E) Representative confocal images show the localisation of 
mitochondrial ROS (mtROS) in bronchoalveolar lavage (BAL) cells from saline-exposed mice administered drug vehicle (SAL+VEH), Af-exposed mice 
administered drug vehicle (Af+VEH), or Af-exposed mice administered NecroX-5 (Af+NX-5). Bars indicate 20 µm. (F) Cellular changes in BAL fluids of 
Af-exposed mice. Arrows and arrowheads indicate macrophages and eosinophils, respectively. Bars indicate 20 µm. (G) Representative immunoblots 
and densitometric analyses of IL-1β in lung tissues. Bars represent mean±SEM from seven mice per group. #P<0.05 versus SAL+VEH; *P < 0.05 versus 
Af+VEH. (H) Airway responsiveness assessed by invasive measurements from SAL+VEH, Af+VEH or Af+NX-5. Bars represent mean±SEM from six 
mice per group. (I) Cellular changes in bronchoalveolar lavage fluids. Bars represent mean±SEM from six mice per group. #P<0.05 versus SAL+VEH; *P 
< 0.05 versus Af+VEH. (J–L) Representative H&E stained sections of the lung from SAL+VEH (J), Af+VEH (K) and Af+NX-5 (L). Bars indicate 50 µm. 
(M) Representative confocal images show the localisation of mtROS in BAL cells from saline-exposed mice administered drug vehicle (SAL+VEH), Af-
exposed mice administered drug vehicle (Af+VEH), Af-exposed mice administered 0.1 mg/kg IC87114 (Af+IC 0.1) or Af-exposed mice administered 
1.0 mg/kg IC87114 (Af+IC 1.0). Bars indicate 20 µm. (N) Representative confocal images of tracheal EpCs show the localisation of mtROS in the 
control, Af, Af+VEH and Af+IC. Bars indicate 10 µm.

CS-resistant NLRP3 inflammasome contributes to Af-induced 
allergic lung inflammation
CS resistance is a common feature in severe allergic lung 
inflammation.34 Recently, we showed that the current Af-in-
duced model represents a CS-resistant severe phenotype.22 
Therefore, we examined whether or not CS can influ-
ence NLRP3 inflammasome activation in the present two 
murine models. Data showed that dexamethasone did not 
improve the Af-induced increases of AHR, eosinophil-dom-
inant inflammatory cells infiltration, and Th2 cytokines in 
the lung of mice (online  supplementary figure S10A-I). In 

contrast, dexamethasone substantially improved the Aa-in-
duced increases of AHR, eosinophil-dominant inflammatory 
cell infiltration, and Th2 cytokines in the lung (online supple-
mentary figure S10J-Q). Interestingly, increases of IL-1β in 
lung tissues and BAL fluids from Af-exposed mice were not 
lowered by dexamethasone. In contrast, increases of IL-1β 
in lung tissues and BAL fluids from Aa-exposed mice were 
significantly reduced by dexamethasone (online  supplemen-
tary figure S11A-D). Similarly, dexamethasone treatment 
failed to lower the Af-induced increases of NLRP3 and 
caspase-1 in lung tissues. However, Aa-induced increases of 
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Figure 5  Phosphoinositide 3-kinase (PI3K)-δ regulates Aspergillus fumigatus (Af)-induced nucleotide-binding domain, leucine-rich-containing 
family, pyrin-domain-containing-3  (NLRP3) inflammasome assembly/activation in normal human bronchial epithelial (NHBE) cells. (A and B) 
Representative confocal images of NHBE cells show the localisation of NLRP3 (red), caspase-1 (Casp-1; green) and apoptosis-associated speck-like 
protein containing a carboxy-terminal caspase-recruitment domain (ASC; green) in the control (no treatment), Af-stimulated cells (Af), Af-stimulated 
cells administered drug vehicle (Af+VEH), or Af-stimulated cells administered IC87114 (Af+IC). 4',6-Diamidino-2-phenylindole (DAPI) stain was 
used for nuclear localisation. Bars indicate 20 µm. (C) Representative immunoblot of ASC monomers and high order complexes in cross-linked 
cytosolic pellets from Af-stimulated NHBE cells in the presence and absence of IC87114. (D and E) Representative immunoblots and densitometric 
analyses of NLRP3 (D) and IL-1β (E) after stimulation with Af in NHBE cells in the presence or absence of IC87114. Bars represent mean±SEM from 
three independent experiments. #P<0.05 versus control; *P<0.05 versus cells stimulated with Af alone. (F and G) Representative immunoblots and 
densitometric analyses of NLRP3 (F) and IL-1β (G) after stimulation with Af in NHBE cells transfected with either non-targeting siRNA (NT siRNA) 
or PI3K-δ siRNA. Bars represent mean±SEM from three independent experiments. #P<0.05 versus control; *P<0.05 versus cells stimulated with Af 
transfected with NT siRNA. (H) Representative confocal images of NHBE cells show the localisation of NLRP3 (red) and Casp-1 (green) in the control 
(no treatment), Af-stimulated cells (Af), Af-stimulated cells administered NT siRNA (Af+NT), or Af-stimulated cells administered PI3K-δ siRNA 
(Af+PI3K-δ). Bars indicate 20 µm. (I) Representative confocal images of NHBE cells show the localisation of mitochondrial reactive oxygen species 
(mtROS) in the control, Af, Af+VEH or Af+IC. Bars indicate 20 µm.
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NLRP3 and caspase-1 were significantly reduced by dexa-
methasone (online supplementary figure S11E-H).

Effects of dexamethasone on mtROS generation and nuclear 
translocation of nuclear factor-κB in lungs of two different 
murine models
Oxidative stress is closely involved in the development of CS resis-
tance in intractable pulmonary disorders, including severe asthma 
and chronic obstructive pulmonary disease.34 In addition, gener-
ation of mtROS is implicated in CS-resistant inflammation in the 
lung.22 To investigate the molecular mechanisms which underlie the 
different responses to CS between the two mouse models, we deter-
mined mtROS and the related activation of nuclear factor (NF)-κB 
in the lung. Fluorescence intensity of mtROS was increased in cyto-
plasm of BAL cells from Aa-exposed mice, as seen in that of Af-ex-
posed mice. Dexamethasone significantly reduced the Aa-induced 
generation of mtROS in these cells. However, dexamethasone failed 
to reduce the Af-induced generation of mtROS (online supplemen-
tary figure S12A, B). Furthermore, levels of NF-κB p65 in nuclear 
protein extracts of lung tissues were significantly increased after 
exposure to Af or Aa, but levels of NF-κB p65 in cytosolic protein 
extracts of lung tissues were remarkably decreased after exposure 
to Af and Aa. Interestingly, while dexamethasone significantly 
reduced the Aa-induced increases in the nuclear translocation of 
NF-κB p65, it failed to lower the Af-induced increases in NF-κB 
p65 in nuclear protein extracts (online supplementary figure S12C-
F). These findings suggest that the difference in the ability of dexa-
methasone to control inflammation in the two mouse models is in 
part dependent on whether CS can regulate fungi-induced genera-
tion of mtROS.

Discussion
In this study, assembly/activation of NLRP3 inflammasome was 
increased in the lung of Af-exposed mice. Elevation of NLRP3 
inflammasome assembly/activation was also observed in Af-stim-
ulated murine and human EpCs. Similarly, expression of NLRP3 
was increased in lung tissue from patients with ABPA. Impor-
tantly, neutralisation of NLRP3-derived IL-1β alleviated various 
features of Af-induced allergic inflammation. Furthermore, 
inhibition of PI3K-δ improved Af-induced allergic inflamma-
tion through modulating NLRP3 inflammasome assembly/acti-
vation, especially in EpCs. This modulatory role of PI3K-δ was 
mediated through the regulation of mtROS generation. NLRP3 
inflammasome was also implicated in Aa-induced allergic lung 
inflammation, which was improved by PI3K-δ blockade. These 
findings demonstrate for the first time that fungi-induced 
assembly/activation of NLRP3 inflammasome in bronchial EpCs 
may be modulated by PI3K-δ, which is mediated partly through 
the regulation of mtROS generation.

Cytokine imbalance is important in chronic lung disorders.35 
Particularly, IL-1β, which activates many inflammatory genes 
implicated in allergic inflammation,36 is increased in asthmatic 
airways, and blockade of IL-1β ameliorated allergic lung inflam-
mation in a murine model.37 NLRP3 inflammasome has been 
known to be implicated in allergic inflammatory processes as 
well as antifungal defence through IL-1β.8 18 Nevertheless, the 
role of NLRP3 inflammasome in allergic lung inflammation is 
still unclear. While several reports favour the critical involve-
ment of NLRP3 inflammasome in allergic lung inflammation,8 11 
conflicting data also exist.19 20 However, given that upregulation 
of NLRP3 inflammasome is observed in patients with  asthma 
having neutrophilic inflammation,38 the role of NLRP3 inflam-
masome in allergic inflammation might be different according to 

underlying biological processes. In our study, Af exposure resulted 
in the increases of NLRP3, caspase-1 and IL-1β, and physical 
associations between NLRP3 inflammasome components in lung 
tissues. It was supported by the observation that immunofluores-
cence intensities of NLRP3 components and their cytoplasmic 
co-localisations were increased in BAL cells. Increases in immu-
nofluorescence intensities and co-localisation of NLRP3 and 
caspase-1 were also observed in lung tissues. Especially, NLRP3 
expression is increased in lung tissues from patients with ABPA, 
one proposed asthma endotype characterised by severe allergic 
inflammation associated with Af.39 Furthermore, Af stimulation 
led to the increases in immunofluorescence intensities and their 
cytoplasmic co-localisations of NLRP3 inflammasome compo-
nents as well as ASC oligomerisation in murine and human EpCs. 
Notably, selective inhibition of NLRP3 inflammasome led to the 
decrease of IL-1β in the lung of Af-exposed mice and neutralisa-
tion of IL-1β improved numerous features of Af-induced allergic 
lung inflammation. Similarly, NLRP3 inflammasome blockade 
ameliorated Aa-induced increases of IL-1β and allergic inflam-
mation in the lung. Taken together, NLRP3 inflammasome may 
play a pivotal role in fungi-induced allergic lung inflammation.

NLRP3 inflammasome senses and reacts to diverse stimuli 
through various mechanisms.5 However, scarce information 
exists on the regulatory mechanism of NLRP3 inflammasome 
activation against fungal exposure, particularly in allergic 
inflammation. PI3K-δ plays a key role in regulation of immune 
processes through activating immune cells and trafficking inflam-
matory cells.40 PI3K-δ is also activated in response to fungal 
exposure and plays a role in the regulation of ER stress, thereby 
being crucially implicated in fungal allergic inflammation.22 ER 
stress is one of the  triggers of NLRP3 inflammasome activa-
tion.10 23 In this study, PI3K-δ inhibition attenuated Af-induced 
airway inflammatory cell infiltrations, AHR and elevations of 
pulmonary Th2 cytokines and serum total and Af-specific IgE, 
highlighting the pivotal role of PI3K-δ in Af-induced allergic 
inflammation. Importantly, Af-induced increases of NLRP3, 
active caspase-1 and IL-1β in the lung were significantly reduced 
by IC87114. Furthermore, Af-exposed p110δ KO mice showed 
the lower levels of NLRP3, caspase-1 and IL-1β in the lung 
compared with Af-exposed WT mice. The regulatory role of 
PI3K-δ on NLRP3 inflammasome was further verified by the IP 
assay. Af-induced increases in the immunofluorescence intensi-
ties of NLRP3 inflammasome components and their cytoplasmic 
co-localisations in BAL cells were also reduced by IC87114. In 
Af-stimulated murine and human EpCs, Af-induced increased 
ASC oligomerisation was reduced by IC87114. Moreover, 
Af-induced increases in the immunofluorescence intensities and 
cytoplasmic co-localisations of NLRP3 inflammasome compo-
nents in EpCs were reduced by IC87114 or PI3K-δ siRNA. 
Af-induced increases of NLRP3 and IL-1β were also reduced by 
IC87114 or PI3K-δ siRNA in these cells. In Aa-induced allergic 
inflammation, IC87114 attenuated the Aa-induced increases of 
inflammatory cell infiltrations, Th2 cytokines and IL-1β in the 
lung. These findings imply that PI3K-δ is critically implicated in 
fungi-induced allergic lung inflammation through regulation of 
NLRP3 inflammasome in airway epithelium.

Oxidative stress is one of the most characteristic features of 
chronic airway disorders41 and mtROS are a common molec-
ular platform in NLRP3 inflammasome activation.5 9 33 42 Since 
most of the intracellular ROS originate from mitochondria, we 
examined roles of mtROS in this study. Fluorescence intensity of 
mtROS was increased in the cytoplasm of BAL cells, particularly 
macrophages and eosinophils, from Af-exposed and Aa-exposed 
mice. A potent mtROS scavenger alleviated Af-induced mtROS 
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generation in these cells. Importantly, the mtROS scavenger 
reduced the Af-induced increase in IL-1β, and that improved 
various features of allergic lung inflammation in Af-exposed 
mice. Recently, we reported that mtROS generation in airway 
epithelium is fundamental in allergic inflammation11 and PI3K-δ 
regulates mtROS production in airway EpCs under fungal expo-
sure.22 Likewise, in the present study, Af-induced increases in the 
fluorescence intensity of mtROS were lowered by IC87114 in 
murine and human EpCs as well as BAL cells from Af-exposed 
mice. These findings suggest that PI3K-δ modulates NLRP3 
inflammasome, partly through inducing mtROS in airway 
epithelium, thereby contributing to fungi-induced allergic 
inflammation.

CS is the most powerful anti-inflammatory agent available 
for immune-mediated disorders. However, 5~10% of patients 
with  asthma have  severe disorders accounting for more than 
50% of the total healthcare cost, and CS resistance is a common 
feature for severe asthma.34 43 Fungi-associated asthma endo-
type may present more severe disease with frequent exacerba-
tions and eosinophilic inflammation.39 Among fungi implicated 
in severe asthma, Af can tolerate body temperature and grow 
in the airways, thereby colonising and inducing potent immune 
responses. Therefore, it has been suggested that the most severe 
form of allergic fungal disease frequently involves Af.44 In the 
current study, whereas dexamethasone improved various features 
of Aa-induced allergic lung inflammation, it failed to alleviate 
Af-induced inflammatory cell infiltration, AHR and elevations of 
Th2 cytokines in the lung. Dexamethasone also reduced Aa-in-
duced elevations of NLRP3, caspase-1 and IL-1β in the lung. 
However, dexamethasone failed to reduce Af-induced elevations 
of NLRP3, caspase-1 and IL-1β. Additionally, the difference in 
the ability of dexamethasone to control inflammation in the two 
mouse models may be partly dependent on whether CS can regu-
late fungi-induced generation of mtROS. In fact, oxidative stress 
is closely involved in the development of CS resistance in severe 
asthma and chronic obstructive pulmonary disease.34 More-
over, generation of mtROS is closely implicated in CS-resistant 
inflammation in the lung.22 Further, NLRP3 inflammasome has 
been suggested to be involved in severe allergic lung inflam-
mation, particularly in neutrophilic inflammation11 38 45 that is 
generally regarded as an important phenotype for severe asthma. 
Moreover, NLRP3 activation has been proposed to be associated 
with increased CS resistance in certain leukaemia cells.46 There-
fore, pulmonary mtROS generation and the related activation 
of NLRP3 inflammasome may be linked to fungi-induced CS 
resistance associated with specific fungal species including Af.

In summary, we demonstrated that NLRP3 inflammasome is 
involved in fungi-induced allergic lung inflammation and may be 
linked to CS resistance in Af-induced allergic inflammation. Further-
more, PI3K-δ is critically implicated in fungi-induced allergic 
lung inflammation through regulation of NLRP3 inflammasome 
assembly/activation in airway epithelium, which is mediated partly 
through the regulation of mtROS generation. This  suggests that 
inhibition of PI3K-δ may have potential for treating fungi-induced 
severe allergic lung inflammation in humans.
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