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Abstract

Background: Inflammasomes are large protein complexes that assemble in the cy-
tosol in response to danger such as tissue damage or infection. Following activation,
inflammasomes trigger cell death and the release of biologically active forms of pro-
inflammatory cytokines interleukin (IL)-1p and IL-18. NOD-like receptor family pyrin
domain containing 6 (NLRP6) inflammasome is required for IL-18 secretion by intes-
tinal epithelial cells, macrophages, and T cells, contributing to homeostasis and self-
defense against pathogenic microbes. However, the involvement of NLRPé6 in type 2
lung inflammation remains elusive.

Methods: Wild-type (WT) and Nlrpé'/‘ mice were used. Birch pollen extract (BPE)-
induced allergic lung inflammation, eosinophil recruitment, Th2-related cytokine
and chemokine production, airway hyperresponsiveness, and lung histopathology,
Th2 cell differentiation, GATA3, and Th2 cytokines expression, were determined.
Nippostrongylus brasiliensis (Nb) infection, worm count in intestine, type 2 innate lym-
phoid cell (ILC2), and Th2 cells in lungs were evaluated.

Results: We demonstrate in Nirp6™~ mice that a mixed Th2/Th17 immune responses
prevailed following birch pollen challenge with increased eosinophils, ILC2, Th2, and
Th17 cell induction and reduced IL-18 production. Nippostrongylus brasiliensis infected
Nlrpé‘/‘ mice featured enhanced early expulsion of the parasite due to enhanced type
2 immune responses compared to WT hosts. In vitro, NLRPé repressed Th2 polariza-
tion, as shown by increased Th2 cytokines and higher expression of the transcription
factor GATA3 in the absence of NLRP6. Exogenous IL-18 administration partially re-
duced the enhanced airways inflammation in Nlrpé'/' mice.

Conclusions: In summary, our data identify NLRP6 as a negative regulator of type 2

immune responses.

Abbreviations: AHR, airway hyperresponsiveness; BAL, Broncho alveolar lavage; BPE, Birch pollen extract (BPE); DAMPs, Damage-associated molecular patterns; EPO, Eosinophil
peroxidase; FMO, Fluorescence Minus One; GATA3, GATA Binding Protein 3; IFN, Interferon; IgE, Immunoglobulin E; IL, Interleukin; ILC2, Innate lymphoid cell 2; IRF, Interferon
regulatory factor; MCh, Methacholine; NLR, NOD-like receptor; Nlrpé'/', NLRPé-deficient mice; PAS, Periodic acid Schiff; Th, T helper; WT, Wild-type.
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GRAPHICAL ABSTRACT

Birch pollen extract exposure results in elevated eosinophilic airway inflammation and type 2 immune responses. Birch pollen induces
NLRPé6 inflammasome activation and the release of mature IL-18 in the lung. NLRP6 negatively regulated mixed Th2/Th17 immune
responses to birch pollen induced lung inflammation and helminth infection.

1 | INTRODUCTION

Inflammasomes are multiprotein complexes consisting of NOD-like
receptor (NLR) protein, the adaptor apoptosis-associated speck-like
protein containing a CARD (ASC) and the effector Caspase-1 or 11.%2
Inflammasomes respond to damage-associated molecular patterns
(DAMPs) released during pathogen invasion or sterile inflammation
such as toxins, ATP, HMGB1, or uric acid. Following activation, in-
flammasomes assemble into the cytosol, become active through
auto-cleavage of pro-caspase-1, and trigger the catalytic processing
and maturation of IL-1p, IL-18, and gasdermin D leading to pyroptotic
cell death.®> NLRP6 (initially called Pypaf5) is a less well-understood
NLR protein which, while structurally similar to the well-described
NLR protein NLRP3, appears to have its own distinct repertoire of
functions.>® Indeed, Both NLPRé and NLRP3 share similar molec-
ular structure with differences in the PYD domain. However, while
NLRP6 PYD domain is capable of nucleating ASC PYD domain by
itself, NLRP3 PYD domain is unable to provide a sufficient platform
for ASC assembly.””? We and others have shown that the NLRP3
inflammasome promotes type 2 allergic inflammation in experimen-
tal ovalbumin-induced allergic asthma model in mice.’® NLRP3
directly promotes Th2 cell differentiation by acting as a transcrip-
tion factor. Indeed, NLRP3 is expressed by Th2 lymphocytes with
a localization not only in the cytoplasm but also in the nucleus of
Th2 cells interacting with DNA and the transcription factor IRF4.12

Other studies suggest that NLRP3 inflammasome suppresses pro-
tective innate and adaptive immune responses against gastrointes-
tinal nematode Trichuris muris.*®* NLRP3 deficiency caused reduced
Th1 responses, accelerate worm expulsion, enhanced Th2 immunity,
which was reversed by exogenous recombinant IL-18 administration.

NOD-like receptor family pyrin domain containing 6 recruits,
in some circumstances upon activation, the adaptor apoptosis-
associated speck-like protein (ASC) and the inflammatory caspase-1
or caspase-11 to form an inflammasome, which mediates the
maturation of the pro-inflammatory cytokines IL-18 and IL-1p. In
other contexts, NLRPé can exert its function in an inflammasome-
independent manner. Tight regulation of the NLRP6 inflammasome
is critical in maintaining tissue homeostasis, while improper inflam-
masome activation may contribute to the development of multiple
diseases.”'* For example, NLRP6 regulates intestinal microbiota
through IL-18 and is required for mucin granule exocytosis from gob-
let cells.?>® NLRP6 inflammasomes contribute to the regulation of
intestinal homeostasis, as shown by reports demonstrating high lev-
els of NLRPé expression in intestinal epithelial cells, including goblet
cells where its expression is essential for mucosal self-renewal, pro-
liferation, and mucus secretion.”*¢” However, NLRP6 is expressed
in hematopoietic cells including mouse naive CD4* T cells, macro-
phages, and neutrophils.*® The potential role for NLRPé in these
cells is unknown and how it may contribute to regulation of mucosal
immunity is also not well understood.
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The generation of the active form of IL-18 by intestinal cells
requires NLRP6 inflammasome activation and caspase-mediated
enzymatic cleavage.*”” |L-18 was originally described as a potent
inducer of Th1 cells and IFNy production.?? However, in the absence
of IL-12, IL-18 stimulates natural killer cells and even acts on memory
Th1 cells to promote airway inflammation and hyperresponsiveness
in an ovalbumin-induced asthma model.?22

Type 2 immune responses have important implications for muco-
sal immunity. They are responsible for most allergen-induced inflam-
mation at mucosal surfaces and are required for the optimal control
of many gastrointestinal helminth infections. They are defined by
increased production of type 2 cytokines including interleukin (IL)-
4, IL-5, and IL-13.2324 Signaling via receptors containing an IL-4Ra
subunit is critical for Th2 cell differentiation and results in the acti-
vation of canonical type 2 transcription factors such as STATé6, which
subsequently drive expression of the key type 2 transcription factor
GATA3. GATAS drives the production of the central Th2 effector
cytokines IL-4, IL-5, and 1L-13.%>2 Lymphoid cells contribute to type
2 immunity are ILC2s and CD4* T cells.?’ ILC2 have been widely
demonstrated in both mice and humans to be particularly special-
ized in the induction and the maintenance of type 2 immunity.?8-3°
In allergic asthma, ILC2 drive both innate responses such as eosin-
ophilia and M2 macrophage induction as well as adaptive immune
responses by enhancing Th2 cell induction.

In the present study, we demonstrate that NLRPé regulates type 2
immunity. We show that NLRPé6 is a negative regulator of type 2 im-
mune responses in birch pollen-induced allergic lung inflammation and
helminth infection. In mice deficient for NLRP6, an augmented type
2 immune profile was found following birch pollen challenge, namely
higher eosinophilia in bronchoalveolar lavage (BAL), increased ILC2 in-
duction and type 2 cytokine and chemokine production with reduced
IL-18 production by macrophages. In addition, increased type 2 immu-
nity was also evident in Nirp6™~ mice following Nippostrongylus brasil-
iensis infection. Here, this resulted in enhanced early expulsion of the
parasite and increased ILC2 induction as well as IL-5 and IL-13 produc-
tion. Ex vivo, T-cell receptor (TCR) stimulation with anti-CD3¢/CD28
in presence of recombinant IL-4, naive CD4" T cells isolated from WT
mice polarized in Th2 cells showed reduced Nirp6 gene expression
compared to unstimulated controls. In the absence of NLRP6, Th2 and
Th17 cell activation is positively regulated, as shown by the augmented
expression of the transcription factor GATAS3. IRF4 expression was,
however, unaffected. Exogenous IL-18 administration reduced the
enhanced airways inflammation in mice lacking NLRPé. This identifies
NLRPé as a negative regulator of type 2 immune responses.

2 | METHODS

2.1 | Mice

C57BL/6J WT and NLRP6-deficient (Nirp6™")3' mice were bred in
our specific pathogen-free animal facility at CNRS (TAAM UPS44).
Nlrpé'/' were on C57BL/6J genetic background. For experiments,

gender-matched adult (8-12weeks old) animals were maintained
in ventilated cages in a biohazard animal unit, in a temperature-
controlled (23°C) facility with a strict 12h light/dark cycle with food
and water provided ad libitum, and monitored daily. All animal exper-
iments complied with the French Government's animal experiment
regulations and were approved by the “Ethics Committee for Animal
Experimentation of CNRS Campus Orleans” (CCO) under number
CLE CCO 2015-1085 and CLE CCO 2019-2017 (Apafis #25876).

2.2 | Birch pollen extracts induced allergic airway
inflammation

Mice sensitization protocol was adapted from previous study from
Tourdot et al,.* WT and Nlrpé'/' mice were sensitized twice with i.p.
injections of BPE (Betula pendula, using doses equivalent to 10 ug
Bet v 1, Bet V1 concentration [8.75mg/ml], Stallergenes-Greer) on
Days 0 and 14, followed by four challenges from Days 21 to 24 to
intranasal BPE (equivalent to 10 pg Bet v 1) under Isoflurane anes-
thesia (3%). Control mice were challenged with saline alone. On Day
25, bronchial resistance and dynamic compliance were measured.

Recombinant mouse IL-18 (Recombinant Mouse IL-18/IL-1F4, CF;
1 pg/mouse, Bio-Techne) was administered by intranasal route on
Days 0 and 14, and from Days 21 to 24 1h before immunization and
challenges. Anti-IL-18 neutralizing antibody (InVivoMab anti-mouse
IL-18, clone YIGIF74-1G7, BioXCell) and Isotype control (InVivoMab
rat IgG2aisotype control, clone 2A3, BioXCell) were administered by
i.p. route at 10 mg/kg during the effector phase (Days 21-24) in WT
mice exposed to BPE.

2.3 | Measurement of airway hyperresponsiveness
For invasive measurement of dynamic resistance, mice were anes-
thetized with i.p. injection of solution containing ketamine (100 mg/
kg, Merial) and xylasine (10 mg/kg, Bayer), paralyzed using D-
tubocurarine (0.125%, Sigma), and intubated with an 18-gauge cath-
eter. Respiratory frequency was set at 140 breaths per min with a
tidal volume of 0.2 ml and a positive end-expiratory pressure of 2 ml
H,O. Increasing concentrations of aerosolized methacholine (9.375,
18.75, 37.5, 75, and 150 mg/ml) were administered. Resistance was
recorded with a plethysmograph (BuxCo). Baseline resistance was re-
stored before administering the subsequent doses of methacholine.

2.4 | Bronchoalveolar lavage (BAL) and differential
cell counts

Bronchoalveolar lavage was performed by washing the lung four
times with 0.5 ml of saline solution at room temperature. After cen-
trifugation at 400 xg for 10 min at 4°C, the supernatant (cell-free
BAL fluid) was stored at -20°C for cytokine analysis and the cell pel-
lets were stained with Turk's solution and counted. Cells (2 x 10°)
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were centrifuged onto microscopic slides (cytospin at 1000rpm for
10 min, at room temperature). Air-dried preparations were fixed and
stained with Diff-Quik (Merz & Dade). Cell counts were made using

oil immersion light microscope.

2.5 | Eosinophil peroxidase (EPO) activity in lung
Eosinophil peroxidase activity was determined to estimate the
recruitment of eosinophils counts in lung parenchyma. After
BAL and perfusion, lungs were stored frozen at -80°C and ho-
mogenized with ultra-turrax (IKA) for 30s in 1 ml PBS supple-
mented with a cocktail containing 1X complete Protease and
phosphatase inhibitors (ThermoFisher). The lung homogenate was
centrifuged for 15min at 4°C at 10000rpm. EPO activity in the
supernatant was determined as estimated from the oxidation of
O-phenylenediamine (Sigma-Aldrich) by EPO in the presence of
hydrogen peroxide as described previously.®® The substrate so-
lution consisted of 10mM O-phenylenediamine in 0.05M Tris/
HCI-buffer (pH 58) and 4 mM H202 (BDH). Substrate solution was
added to samples in a 96-well microplate (Greiner) and incubated
at 37°C for 30 min. Duplicate incubations were carried out in the
absence and presence of the EPO inhibitor 3-amino-1,2,4-triazole
(2mmol/L, Sigma-Aldrich). The absorbance was measured at
490nm (Flow Labs). Results were expressed as O.D. 490nm and
corrected for the activity of other peroxidases, which were not
inhibited by 3-amino-1,2,4-triazol.

2.6 | Nyppostrongylus brasiliensis infection
Wild-type and Nirp6™~ mice were infected subcutaneously (s.c.) with
500N. brasiliensis third stage (L3) larvae. At Day 5 post-infection,
mice were killed and intestinal worm burdens established as de-
scribed previously.3*

2.7 | Lung mononuclear cell isolation and
stimulation

Lung mononuclear cells were isolated from WT and Nlrpé'/' mice
24h after the last challenge. Briefly, the aorta and the inferior
vena cava were sectioned, and the lung was perfused with saline.
The lobes of the lung were sliced into small cubes and then in-
cubated for 45min in 2 ml RPMI 1640 solution and digested in
125mg/ml of Liberase TL (0.65U/lung/ml, Roche Life Science)
and 1 mg/ml DNAse 1 (2000U/mg/lung, DN25, Sigma). Isolated
lung mononuclear single cells were plated in round bottom 96-
well plates (2 x10%/ml) and restimulated 150min in vitro with
phorbol 12-myristate 13-acetate (PMA) (50 ng/ml) and ionomycin
(750ng/ml; both from Sigma-Aldrich) in the presence of Brefeldin
Al pl/lO6 cells, BD Biosciences) for intracellular flow cytometry

analysis. Lung mononuclear cells (10° cells) were restimulated with
BPE (100 pg/ml) in a 96-well plate for 3days. Supernatants were
analyzed for the presence of cytokines using Multiplex immunoas-
say (MagPix, BioRad).

2.8 | FACS analysis

Lung mononuclear cells were stained with the following antibodies
(clone, brand, and catalog no. specified in Table S1). For extracellu-
lar staining, single cells (2.10° cells/well) were incubated with 2.4G2
Fc-receptor antibodies to reduce nonspecific binding and stained at
4°C with antibodies for 15min. Cells were incubated with viability
dye (Viobility 405/520 Fixable Dye, Miltenyi) for 10 min before ex-
tracellular staining. Intracellular staining was performed following
extracellular staining and permeabilization for 20 min with cytofix/
cytoperm kit (BD Biosciences).

For ILC2 staining, cells were negative for lineage markers (CD3g,
TCRB, Ly6C, Ly6G, TCRyS, NKp46,CD11b,CD11c,CD19,and Ter119)
and positive for the type 2 innate lymphoid cell markers CD45, IL-
33R (ST2), ICOS, GATAZ, IL-5, and IL-13. (clone, brand, and catalog
no. specified in Table S1). Data were acquired using FACS Canto Il or
Fortessa x20 flow cytometer and Diva software and analyzed using
FlowJo software.

2.9 | Lung histology

Lung was fixed in 4% buffered formaldehyde, and 3 pm sections
were stained with periodic acid Schiff reagent (PAS) and examined
with a Leica DM2500 microscope (scale bars 2.5mm and 250 um).
Peribronchial infiltrates and mucus hypersecretion were assessed by
a semi-quantitative score (0-5) by two observers independently as
described before *°

2.10 | Measurement of cytokines

IL-1a (lower limit of detection 10.3 pg/ml), IL-1p (lower limit of de-
tection 5.4 pg/ml), CXCL1 (lower limit of detection 2.3 pg/ml), IL-4
(lower limit of detection 0.4 pg/ml), IL-5 (lower limit of detection
1.0 pg/ml), IL-13 (lower limit of detection 7.8 pg/ml), IL-18 (lower
limit of detection 36pg/ml) and IFNy (lower limit of detection
1.1 pg/ml) (Millipore), and IL-33 (lower limit of detection 1.8 pg/
ml, BioRad) concentrations in BALF, lung homogenate, Th2 cells
or lung mononuclear cell culture supernatant were determined
by multiplex immunoassay according to the manufacturer's using
MagPix (BioRad). CCL17 (TARC, lower limit of detection 1.8 pg/
ml, R&D) concentrations in lung homogenates were determined
by enzyme-linked immunosorbent assay (ELISA) using commercial
kits from R&D (Abingdon, UK) according to the manufacturer's

recommendations.
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2.11 | Detection of total and BPE-specific IgE
BPE-specific IgE was evaluated by ELISA in sera samples incubated
for 24h at 37°C in 96-well plates coated overnight with BPE (at
doses equivalent to 10 ug/ml Bet v1). Plates were washed and in-
cubated with biotinylated secondary antibody anti-mouse IgE anti-
bodies conjugated to horseradish peroxidase (HRP) (Gentaur). After
washing, specific antibody binding was detected with streptavidin-
peroxydase/ABTS substrate tandem (Roche diagnostics) or ABTS
alone, and plates were analyzed at 405nm on a spectrophotometer
(ELxBOONB, Biotek 265,315). Total IgE levels were measured in
serum using commercially available antibody pairs (BD Biosciences).
The 96-well plate was incubated overnight at room temperature (RT)
with capture IgE antibody (5 pg/ml purified rat anti-mouse IgE, clone
R35-72), after washing, serial dilution of sera samples (1/10, 1/100,
and 1/1000) were used for 2h. Following washing, plate was incu-
bated with biotin Rat anti-mouse IgE as detection antibody (clone
R35-118) for 2h. After washing, streptavidin-HRP was diluted in
blocking buffer and the plate was incubated at RT for 30 min. After
washing, the plate was processed with ABTS substrate and analyzed
on spectrophotometer at 405nm as described above. The optical
density (OD 405) values obtained with 1/100 serum dilution were
considered.

212 |
(BMDM)

Bone marrow-derived macrophages

Bone marrow cells were isolated from femurs of WT and Nlrpé'/'

mice and differentiated into macrophages for 10days. For mac-
rophage differentiation, 10° cells/ml were cultured for 10days in
DMEM (Sigma) supplemented with 10% fetal calf serum (Gibco)
and 30% L929 cell-conditioned medium as a source of M-CSF.
After 7 days, cells were washed and re-cultured in fresh medium
for another 3 days. The cell preparation contained a homogenous
population of macrophages. At Day 10, cells were resuspended
in medium containing 0.2% FCS and plated in 48-well microtiter
plates (at 10° cells/well), and stimulated upon adherence with
BPE (10 pg/ml, dose equivalent to Bet V1 concentration, from
Stallergenes-Greer). Cell supernatants or cell lysates were har-
vested after 3 h and analyzed directly for cytokine quantification
or stored frozen at -80°C.

2.13 | RNA extraction and real-time quantitative
PCR (RT-qPCR)

Total RNA was isolated from homogenized mouse lung using Tri
Reagent (Sigma) and quantified by NanoDrop (Nd-1000). cDNA
was synthesized from 1 pg of total RNA prepared with the Moloney
Murine Leukemia Virus (M-MLV) reverse transcriptase mix (Promega,
Madison, Wis) and subjected to quantitative PCR using primers for
Nirpé, Muc5ac, Gob5, Gata3, Irf4, 114, 115, 1113, and Ifny (specified in the

online repository materials Table S1). RNA expression was normal-
ized to RN18s expression (QT02448075, Qiagen). Relative transcript
expression of a gene is given as 272¢7 (AC; = C; target ~ Ct reference)

and relative changes compared with control are 2725CT yalues

35
(AACT = ACT treated AC I)'

T contro

2.14 | Invitro T-cell differentiation

Naive CD4" T cells (CD4*CD62L") from spleens and lymph nodes
of C57BL/6 WT and Nlrpé'/' mice were sorted by flow cytom-
etry with a FACSAria cytometer equipped with FACSDiva soft-
ware (BD Biosciences) or untouched mouse CD4 cell isolation Kit
(ThermoFisher). The purity of isolated naive T-cell populations
routinely exceeded 95%. Naive T cells were cultured for 3days
with anti-CD3 (10 pg/ml) and anti-CD28 (10 pg/ml) in the presence
of anti-IFN-y (10 pg/ml) and IL-4 (10 ng/ml), for the generation of
Th2 cells. Cells were cultured at 37°C under 5% CO, in RPMI 1640
with 5% (vol/vol) fetal calf serum supplemented with sodium pyru-
vate, penicillin and streptomycin, and 4mM HEPES (4-[2-hydrox
yethyl]-1-piperazine-ethanesulfonic acid). Purified anti-CD3 (145-
2C11), anti-CD28 (PV-1), anti-IL-4 (1B11), and anti-IFNy (XMG.1)
were from BD Biosciences, and recombinant mouse IL-4 was from
Miltenyi Biotech.

2.15 | Immunoblots

The left part of lung tissues was lysed with 0.5 ml of T-PER™ buffer
(Life Technologies) supplemented with a cocktail containing 1X
complete Protease and phosphatase inhibitors (ThermoFisher). The
lysates were centrifuged and protein concentration was quanti-
fied in the supernatant by using DC™ Protein Assay Kit (Bio-Rad®).
Total protein (40 pg) was treated with NUPAGE™ LDS sample buffer
and sample reducing agent (ThermoFisher®), and heated 10 min at
70°C. Samples were resolved on 4-12% polyacrylamide gel (Bolt™
Mini protein gel, ThermoFisher) and run at 160V for 45 min using the
Mini gel Tank (ThermoFisher®). Total protein was electro-blotted to
0.2 pm nitrocellulose membrane (Amersham™, UK) using a Trans-
Blot SD Transfer System (Bio-Rad, California) at 100V for 45min.
Successful protein transfer was confirmed by using Ponceau S stain-
ing. Membranes were blocked with 5% nonfat milk (Cell signaling,
Massachusetts) in 1X TBS-T (20mM Tris Base, 150mM sodium
chloride, and 0.05% Tween-20 pH 7.6) for 1 h at room temperature.
Primary antibodies used were fromrabbitanti-NLRP3(#15101 1/500;
Cell Signaling), rabbit anti-ASC/TMS1 (D2W8U; #67824 1/500; Cell
Signaling), mouse anti-cleaved caspase-1 (ASP296, E2G2I; #89332
1/500; Cell Signaling), rabbit anti-caspase-1 (14F468; #sc56036
1/500; Santa Cruz), rabbit anti-phospho NF-kB pé5 (ser 536, 93H1,
#3033, 1/500), rabbit anti-NF-xB p65 (D14E12, #8242, 1/500, Cell
Signaling), pro-IL-18 (D4T2D, #12426, 1/500; Cell Signaling), rabbit
anti-1L-18 (E8P50; #57058 1/500; Cell Signaling), and monoclonal
mouse anti-p-actin-peroxidase (AC-15, A3854, 1/10000; Sigma).
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Immunofluorescence

Lungs were fixed with 4% formalin for 72h, embedded in paraffin,
and sectioned at 3 pm. Lung sections were dewaxed and rehydrated,
then heated 20 min at 80°C in citrate buffer 10mM pH = 6 for anti-
gen retrieval (unmasking step). Lung sections were permeabilized in
PBS 0.2% triton X-100, blocked with 5% FCS/BSA for 1 h at RT. Lung
sections were incubated with TrueBlack Lipofuscin Autofluorescence
Quencher (#23007, Biotium) for 30s and then incubated with the
FAM-FLICA probe to assess caspase-1 activity, overnight at 37°C and
examined under fluorescence microscope. Lung sections were stained
with Hoechst (1:1000) for 10 min, washed with PBS, and mounted
onto microscope slides (Fluoromount-G, Invitrogen). Sections were
observed and images acquired using a Zeiss Axiovert 200M micro-
scope coupled with a Zeiss LSM 510 Meta scanning device (Carl Zeiss
Co. Ltd.). Images were analyzed using Zeiss Zen Lite software.

2.17 | Statistical analysis

Statistical analyses were performed with GraphPad Prism Version
9.0. (GraphPad Software Inc., www.graphpad.com). All statistical
analyses were preceded by Shapiro-Wilk normality test, followed
by the recommended parametric or nonparametric tests (using non-
parametric (Kruskal-Wallis followed by Dunn’s multiple comparison
post-test) or parametric (one-way ANOVA followed by a Bonferroni
post-test) test according to the results of column statistic.). For in
vitro experiments with several groups, p values were determined
by two-way ANOVA with Tukey's multiple comparison tests. For
in vivo experiments, in which two groups are compared, two-tailed
unpaired t-test was performed to calculate relevant differences.
Outliers were detected using Grubb's method. Data are expressed
as mean + SEM. Statistically significant differences were defined as
*p <.05, **p <.01, ***p <.001, and ****p <.0001).

3 | RESULTS

3.1 | NLRPé6 deletion augments birch pollen
induced airway inflammation and Th2 cytokine
production

Recent evidence highlights the critical roles of NLRP6 in the main-
tenance of intestinal homeostasis and healthy intestinal microbiota,
and triggering the transcription factor NF- B and MAPK signaling in
myeloid cells.***® We previously reported that NLRP3 contributes
to allergic lung inflammation and can function as transcription fac-
tor in Th2 cells,’**? thereby establishing the NLRP3 inflammasome
as an important contributor to type 2 immunity. To investigate the
role of other inflammasomes in lung inflammation, we assessed the
role of NLRPé inflammasome in Th2 mediated allergic responses with
BPE. To address this, Nirp6”~ and WT control mice were sensitized
by i.p. injection of BPE on Days 0 and 14 followed by four intranasal

BPE challenges (Figure 1A). To determine the consequences of dis-
rupting NLRP6 expression on airflow obstruction, we assessed lung
mechanical function and airway hyperresponsiveness (AHR) to in-
creasing doses of methacholine (MCh). BPE-challenged Nirp6™~ mice
demonstrated significant AHR only with the dose of 75mg/ml of MCh
compared to WT mice (Figure 1B). Lung histopathology analysis (with
representative panel shown in Figure 1C) demonstrated increased
leukocyte infiltrates around bronchi and mucus-producing goblet
cells in the airway epithelium (Figure 1D) associated with higher Gob5
transcripts, a chloride channel which regulates mucus production in
the lung of BPE-challenged Nlrpc’)'/' mice in comparison with BPE-
challenged WT mice (Figure 1E). The total number of BAL inflamma-
tory cells recovered from BPE-challenged Nlrpé’/’ mice was increased
as compared to WT-BPE mice, which represented increases in BAL
eosinophils, eosinophil peroxydase (EPO) activity, and BAL lympho-
cytes while neutrophils increased partially (Figure 1F-1). Similarly, in
BPE-challenged Nlrpé’/’ mice, Th2 cytokines, IL-4, IL-5, and IL-13 were
significantly increased in BALF (Figure 1J), lung homogenates, and cell
culture supernatants following restimulation with BPE (Figure S1A,B).
However, the concentration of Th1 cytokine IFNy in BALF was unaf-
fected Nirp6™~ (Figure 1K). BPE-challenged NIrp6™~ mice showed sig-
nificant increases in the production of the Th2 attracting chemokine
CCL17 and the neutrophil attracting chemokine CXCL1 (Figure S1C)
as well as total and BPE-specific serum IgE levels (Figure S1D) as com-
pared to WT-BPE mice. Inflammasomes are specialized inflammatory
signaling platforms that govern the maturation and secretion of pro-
inflammatory cytokines including IL-1p; we determined the levels of
IL-1 family cytokines including IL-1a and IL-1f in lung. Notably, simi-
lar levels of IL-1a and IL-1p were found in the lung of BPE-challenged
NIrp6™ mice as compared to WT-BPE mice (Figure S1E).

To exclude that the phenotype observed in NIrp6'/' mice is not
related to any bias of the gut microbiota, we used C57BL6/J WT and
NIrp6*/* littermate mice and found similar inflammatory cells and
Th2 cytokines in the BALF (Figure S1IN,O).

NOD-like receptor family pyrin domain containing 6 partici-
pates in inflammasome complex formation with the adaptor pro-
tein ASC and the effector molecule Caspase 1.1 To determine
whether the NLRP6 inflammasome complex formation is neces-
sary for the development of birch pollen-induced allergic asthma
features, we analyzed the contribution of NLRP3 inflammasome,
ASC, cleaved caspase-1, caspase-1, pro-IL-18, and IL-18 by im-
munoblots. Birch pollen induced NLRP3, ASC, caspase-1, NF-,B,
and pro-IL-1f proteins in lung from WT-BPE compared to WT-
saline mice (Figure 1L). By contrast, Birch pollen reduced cleaved
caspase-1, total NF- B, and IL-18 proteins in lung from WT-BPE
compared to WT-saline mice. In NIrpé'/' mice, ASC, caspase-1,
NF-,B, and IL-18 proteins were reduced, while NLRP3 and pro-
IL-18 are minimally affected (Figures 1L and S1F,M). However,
mature IL-1p protein was not detected. Because active caspase-1
mediates IL-1p and IL-18 activation and secretion, the analysis of
cleaved caspase-1is animportant variable to assess inflammasome
activation. We used the cell-permeable and non-cytotoxic probe
FAM-FLICA™ to evaluate caspase-1 activity of inflammatory cells
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infiltrating the lung. We found increased caspase-1 activation in
the lung of WT-BPE in comparison with WT-saline mice which was
reduced in NIrp6™~ - BPE mice (Figure 1M).

To further ascertain the implication of inflammasome complex
in the model, we used Asc™~ and Caspase-l/ll'/' mice (Figure S2A).
Similar to Nlrpc’)'/' mice, Asc”’” and Caspase-i/il'/' mice showed en-
hanced type 2 immune responses as evidenced by increased eosino-
phil and lymphocyte counts in BAL (Figure S2B,G), IL-4 and IL-5 levels
in BALF (Figure S2C,H) associated with increased leukocyte infil-
trates around bronchi and mucus-producing goblet cells in the airway
epithelium (Figure S2E,F,J,K). However, IL-13 levels were not strongly
affected by Asc™™ or Caspase-1/117'" deficiency (Figure 52D, ).

Thus, NLRPé inflammasome negatively regulates type 2 me-
diated immune responses in birch pollen-induced allergic lung

3.2 | NLRPé negatively regulates ILC2, Th2, and
Th17 cell functions

Induction of type 2 immunity is largely mediated by ILC2s and CD4*T
cells. %7 |LC2 and Th2 cells are involved in type 2 immune responses
which are important for asthma development. Therefore, we asked
whether those cell populations were affected during the course of
birch pollen induced airway inflammation in Nirp6™~ mice. The fre-
quency and number of total ILC2 and TCRF*CD4" cells recovered
from the lung were higher in BPE-challenged Nirp6™" mice than WT
mice (Figures 2A,B,E and S3A,B). Of note, IL.-5" and IL-13" populations
among ILC2 (Figures 2A,B and S3A,B) and Th2 (Figures 2C-E and S3C)
were increased in BPE-challenged Nirp6™~ mice compared to WT mice.
Epithelial cell-derived alarmin IL-33 is known to activate ILC2 and

inflammation. promote Th2 cell responses in allergic inflammation. We, therefore,
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FIGURE 1 Mice lacking NLRP6 have increased type 2 immune responses. (A) Experimental outline, mice (WT and Nlrpé’/’) were
sensitized twice with i.p. injections of BPE (using doses equivalent to 10 pg Bet v 1) on Days 0 and 14, followed by four challenges from

Days 21 to 24 with intranasal of BPE (equivalent to 10 pg Bet v 1). Control mice were challenged with saline alone. On Day 25, mice were
euthanized to perform analysis. (B) Airway hyperresponsiveness to increasing doses of methacholine (Mch; 9.375-150mg/ml) was measured
24h after the last BPE challenge on WT and Nirp6™~ mice by recording changes in lung resistance. (C) Representative lung sections (scale
bars 2.5mm and 250 um) with periodic acid Schiff (PAS) staining to visualize mucus from saline control and BPE-treated WT and Nlrpé’/’
mice are shown. (D) A semi-quantitative histological assessment of inflammatory cell infiltration and mucus hypersecretion was performed
by two independent observers. A scale from 0 to 5 is given on the axis. (E) Gob5 mRNA expression is measured by real-time quantitative (RT-
gPCR). (F-1) Total cell number in BAL, eosinophil in BAL, eosinophil peroxidase activity (EPO) in lung, lymphocyte and neutrophil numbers in
BAL were analyzed. (J, K) IL-4, IL-5, IL-13, and IFNy levels in BALF are shown. (L) Immunoblots of NLRP3, ASC, cleaved Caspase-1, Caspase-1,
phospho-NF-,Bpé5, NF- Bp65, prolL-1p, and IL-18 with p-actin as a reference in the lung of WT and Nirp6™". (M) Representative images

of lung sections from WT and NIrpé’/’ mice immunostained for FAM-FLICA (yellow) and DNA with Hoechst (blue), scale bars, 20 pm.
Representative data of two independent experiments are given (n = 4 for saline control and 5-8 mice for BPE group). Results are expressed
as mean+SEM; *p<.05; **p<.01; ***p<.001; ****p <.0001. (Two-way ANOVA followed by Bonferroni's multiple comparison test [B], one-
way ANOVA followed by Bonferroni's multiple comparison test [D-1, J, K])
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determined the levels of IL-33 in lung and found similar levels of IL.-33
in lung of BPE-challenged Nlrpé'/' mice as compared to WT-BPE mice
(Figure 2B). Furthermore, as severe lung inflammation was also related
to Th17 cell functions, we determined Th17 cell population in the
lungs. The frequency and absolute number of TCRFTCD4*IL-17A* and
TCRB*CD4*RORyt* were increased in BPE-challenged Nirp6™™ mice
as compared to WT-BPE mice (Figures 2F,H and S3C). These results
suggested that the enhanced type 2 immune response observed in
Nirp6™~ mice is unrelated to IL-33 levels in the lung.

Taken together, these results suggest that NLRP6 dampens ILC2,
Th2, and Th17 cell effector function in lungs upon birch pollen-
induced allergic lung inflammation.

(A) T = WT Saline s WT BPE
1 0.14:0.01 1 0.31:0.02
ILcz “ 5 [ : —l ILcz

ICOs

Nirp6-- Saline

3.3 | NLRP6 mediates host protective immune
responses in the lung during N. brasiliensis infection

Type 2 immune responses are key drivers of host protective immu-
nity against helminth infections such as Nippostrongylus brasilien-
sis,%¢ and both intestinal and lung-derived lymphocyte responses
are required for the optimal immune control of the parasite.?” To
investigate whether NLRPé expression influenced ILC2 and Th2
cells during Nippostrongylus brasiliensis infection, we assessed
in Nlrpé'/' mice host ability to control infection and expres-
sion of type 2 hallmark cytokines IL-5 and IL-13 at Day 5 post-
infection with 500 L3 larvae (Figure 3A). At Day 5 post-infection,
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FIGURE 2 NLRPé negatively regulates ILC2, Th2, and Th17 cells in the lung. Nirp6™~ and WT mice were immunized (Days O and 14)
and challenged (Days 21-24) with BPE allergen. Control mice were challenged with saline alone. On Day 25, mice were analyzed. (A)
Lineage marker used to characterize ILC2 are the following: (CD3¢, TCRp, Ly6C, Ly6G, TCRyS, NKp4é6, CD11b, CD11c, CD19, and Ter119).
Representative dot plots of ILC2 were shown. (B) Total ILC2, IL-5%ILC2* and IL-13*ILC2" percentages and absolute numbers in the lungs
were shown. (C, D) Representative dot plots of TCRp+CD4* T cells expressing IL-5 and IL-13 were shown, FMO (Fluorescence Minus One).
(E) TCRB*CD4*IL-5* and TCRP*CD4IL-13* percentages and absolute numbers in the lung were shown. (F) Representative dot plots of
TCRB*CD4*IL-17A* and TCRB*CD4*RORyt™ (G, H) TCRB*CD4*IL-17A* and TCRB*CD4*RORyt* percentages and absolute numbers in the
lung were shown Representative data of two independent experiments are given (n = 4 for saline control and 5-6 mice for BPE group).
Results are expressed as mean +SEM; *p <.05; **p <.01; ***p <.001. (One-way ANOVA followed by Bonferroni's multiple comparison test

[B-G])

Nirpé™™ mice exhibited significantly lower intestinal worm burden
than infected WT mice (Figure 3B). This was associated with in-
creased type 2 immune responses in Nirp6™~ mice. Nirp6™~ mice
also displayed increased ILC2 and CD4% T-cell frequencies and
numbers compared to WT control mice (Figures 3C,D and S4A,B).
Consistent with the increased cell numbers, augmented levels of
IL-5 and 1L-13 producing ILC2 and CD4* T cells were noticed in
the lung of NIrpb'/' compared to WT infected mice (Figures 3C,D
and S4A,B). Resolution of N. brasiliensis infection is particularly

dependent on raised IL-13 response.>®

Taken together, NLRP6 dampens worm expulsion upon

Nippostrongylus brasiliensis infection.

3.4 | TCR stimulation promotes NLRP6 expression
inT cells

To determine whether NLRP6 has a role in CD4" T-cell differentia-
tion in vitro, we first monitored Nirpé gene expression Th2 cells dif-

ferentiated for 3days in vitro from cell-sorted naive CD4* T cells in
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the absence of antigen-presenting cells (Figure 4A). We observed
Nirp6 mRNA expression in naive T cells, with the TCR stimula-
tion by anti-CD3 and anti-CD28, which decreased in Nirp6”~ Th2
cells (Figure 4B). Time dependently, Gata3 transcripts in Th2 cells
became higher when transcripts of Nirpé decreased (Figure 4C),
suggesting that NLRP6 negatively regulates GATA3 expression. In
NIrp6™~ mice, a strong expression of GATA-3 is observed in the first
hours (6 h) of Th2 cell differentiation which decrease at 48h and
further start increasing at Day 3 (Figure S3F). To determine the ef-
fect of Nirpé deficiency on Th2 polarization, we compared expres-
sion of MRNA encoding GATAS3 (Gata3 mRNA), IL-4 (14 mRNA), IL-5
(15 mRNA), IL-13 (1113 mRNA), IRF4 (Irf4 mRNA), and interferon-y
(Ifny mRNA) in Th2 cells differentiated from WT or Nirp6™~ CD4*
T cells. After 3days of differentiation, we observed higher expres-
sion of Gata3, 114, 115, and 1113 mRNA in Nirp6™~ Th2 cells than in WT
Th2 cells, whereas the expression of Ifny and Irf4 mRNA was not
affected in Nirp6™~ Th2 cells relative to its expression in WT-derived
Th2 cells (Figure 4D). Nirp6™~ Th2 cells produced higher IL-5 and
IL-13 than did WT-derived Th2 cells (Figures 4E and S3E). Further,

Nlrpé'/' derived Th2 cells expressed higher IL-4 and GATA3 protein
than did WT-derived Th2 cells (Figure 4F,G).

Together, these data demonstrated that NLRPé was expressed
in naive T cells and impeded during the differentiation of CD4* Th2
cells. NLRP6 dampens the production of Th2 cytokines during the
differentiation process, while IRF4 expression was unaffected.

3.5 | Recombinant IL-18 administration in Nirpé-
deficient mice reduced type 2 immune responses

Because IL-18 is a pro-inflammatory cytokine that can synergize

39,40 and

with IL-12 to increase IFNy production and Th1l responses
because IFNy in combination with IL-12 is known to inhibit type 2
we hypothesized that the lack of IL-18 in NIrp6™~ mice

might favor type 2 immune responses in lungs. First, we measured

responses,*!

IL-18 in lung of Nirp6-deficient mice and WT mice following BPE
sensitization and challenge. We found increased levels of IL-18 in
the lung of WT mice after BPE restimulation, which was significantly
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GATA3 expression on differentiated Th2
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impaired in Nirp6”~ mice (Figure 5A). Myeloid cells express high
levels of inflammasomes. In vitro, we derived bone marrow mac-
rophages (BMDM) from WT or Nirp6™~ mice, stimulated them with
BPE and measured IL-18 levels in the cell culture supernatant at 3 h.
BPE stimulation increased IL-18 protein in macrophages and IL-18
levels were significantly reduced in cell culture supernatant from
Nirp6™~ macrophages at 3 h time point as compared with WT mac-
rophages (Figure 5B).

We then administrated recombinant mouse IL-18 (rIL-18) to WT
or Nlrp6™~ mice immunized and challenged with BPE (Figure 5C).
Recombinant IL-18 increased total cell number, eosinophils, and
IFNy in BAL of WT mice, while treatment significantly reduced the
exacerbated total cell number, eosinophil, and lymphocyte recruit-
ments in BAL seen in Nirp6~~ mice (Figure 5D). Furthermore, rlL-18
inhibited IL-4 and IL-5 levels in BALF in Nirp6™ mice while IFNy was
increased (Figure 5E).

Overall, these data emphasize a critical role played by IL-18 in the
reduction of lung eosinophiliaand type 2 immune response in Nirp6™~
mice, since I1L-18 administration attenuates lung inflammation.

3.6 | Anti-IL-18 neutralizing antibody treatment in
WT mice during effector phase increased neutrophils
in BAL but had no effect on eosinophilic airway
inflammation

To better understand the role of IL-18 in the pathology in WT control
mice, we administered the anti-IL-18 neutralizing antibody during
the effector phase in WT mice treated with BPE (Figure 6A).
Although anti-IL-18 was able to reduce IL-18 and IL-1p produc-
tion in BALF (Figure 6B,C), administration of anti-IL-18 increased
neutrophils in the BAL but did not appear to affect eosinophil
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FIGURE 5 Recombinant IL-18 reduced (A) Lung (B) Macrophages
airway inflammation in NIrp6™~ mice. 200- i 800- i
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numbers (Figure 6D,E). A slight decrease in IL-4 levels in BALF is
observed but similar levels of IL-5 and IL-13 in BALF are observed
(Figure 6F).

Thus, I1L-18 blockade in WT mice promotes neutrophilic lung in-
flammation while eosinophils are unaffected.

4 | DISCUSSION

The core circuitry that defines and reinforces Th2 cell identity and
polarizes immune responses in vivo, which is mediated by GATA3 and
IL-4 signaling, is well understood. Little is known about how type 2
responses are fine regulated. In this study, we examined the role of
NLRPé in shaping type 2 immune responses and Th2 cell-mediated
disease. We discovered that the induction of allergic lung inflamma-
tion using birch pollen as allergen in Nirp6-deficient mice provoked

the generation of exacerbated airway inflammation, increased Th17
cell activation as well as Th2 cells in the lung and type 2 cytokine pro-
duction including IL-4, IL-5, and IL-13. Elevated peripheral eosinophils
are a biomarker of type 2 high asthma endotypes.*?> We found that
increased eosinophilia, IL-5 and IL-13 producing ILC2 as well as Th2
cells characterize the development of allergic lung inflammation. We
demonstrate that NLRP6 is an intrinsic negative regulator of CD4* T
cells. We report that CD4* T cells express Nlrpé in the early stages
of Th2 cell differentiation, which decreases with increasing GATA-3
expression in WT mice. In contrast, in NIrpé6™" mice, increased ex-
pression of GATA-3 is observed in the first hours (6 h) of Th2 cell dif-
ferentiation which decreased at 48 h and further started increasing at
Day 3 compared to WT-Th2 cells. Indeed, we show for the first time
the negative regulation of Gata-3 expression by Nlrpé.

These results did not support the previous study which show
NIrp6 mRNA expression by Th2 lymphocytes only at Day 5 after
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differentiation in WT-Th2 cells but similar frequencies and numbers
of IL-13-producing Th2 cells in both WT and NlIrp6-deficient mice.r
This discrepancy observed with our data could be explained by the
experimental setting in vitro; we used less IL-4 (10 ng/ml) in the ab-
sence of IL-2 but more anti-CD3¢/CD28 (10 pg/ml) for the genera-
tion of Th2 cells. Knowing that T-cell receptor signal strength can
influence lymphocyte differentiation, we therefore hypothesize that
the strength of the TCR signal could explain this difference with our
data.**=* Therefore, our data provoke the need to further investi-
gate a potential regulatory role of NLRP6 on Th2 cells differentiation
and Gata-3 gene transcription.

Our study raises several questions that remain unanswered.
How NLRPé is activated during the differentiation of Th2 cells in the
absence of NLRP6 ligand addition to the culture medium and how
NLRP6 negatively regulates GATA3 remain to be determined.

The influence of microbial-derived metabolites taurine or sper-
midine which have been proposed in the in vitro cultures as potential

Isotype ctrl alL-18

ligands for NLRP6 cannot be excluded.' Although spermidine or
taurine may be present in FCS supplemented to the culture me-
dium, they may rather have intrinsic effects on T cells than mediate
a microbial-derived signal on T cells through NLRP6.Y Thus, future
studies will be needed to determine whether the protective func-
tions of NLRPé signaling might be transmitted through microbial-
derived metabolites in lung.

Mechanistically, enhanced GATAS, IL-4, IL-5, and IL-13 contrib-
ute to increased airway inflammation in Nlrpé'/' mice. Our findings
define a previously unknown role for NLRPé in the negative regula-
tion of type 2 immune responses.

Type 2 innate lymphoid cell and Th2 cells are recognized for their
ability to promote type 2 cytokine-mediated immunity and inflam-
mation in the context of various models of allergic inflammation
and parasitic infection.**=*8 Th2 cells producing IL-13 contribute to
worm expulsion at the site of infection.*®*? We found that the lack

of NLRP6 expression increased IL-13 expression in infected lung
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tissue and improved host resistance to N. brasiliensis infection. ILC2
resident within mucosal tissue is known to produce type 2 cytokine
including IL-4, IL-5, and IL-13. In the current study, ILC2 is the main
source of 1L-13 following N. brasiliensis infection. We observed in-
creased numbers of ILC2 in Nirp6”~ mice suggesting that NLRP6
plays an important role in the survival, proliferation, and activation
of ILC2. By analyzing cytokines produced by ILC2, IL-5, and IL-13,
we found the production of these cytokines are further increased in
Nlrp6™~ mice suggesting that NLRP6 negatively regulates ILC2 func-
tion in lung following N. brasiliensis infection.

NOD-like receptor family pyrin domain containing é function
is well documented in gut inflammation including colitis and raised
some discrepancies.’®31°%31 NLRP6 contributes to the regulation of
mucus secretion by goblet cells in small intestine and microbial pep-
tide production, thereby affecting intestinal microbial colonization
and associated microbiome-related disease. Surprisingly, Nlrpé'/'
mice treated with BPE showed an exacerbated mucus production as-
sociated with an upregulation of Gob5 mRNA levels. Because NLRPé
transcripts in the whole lung tissue were undetectable by RT-qPCR,
we hypothesize that goblet cells in the bronchial epithelium do not
express NLRPé6 or that is not implicated in mucus secretion in the
lung. Indeed, it has been shown that NLRPé was not crucial for inner
colonic mucus layer formation and function assumed by goblet cells
in this compartment.'53 Studies previously proposed NLRP6/ASC in-
flammasomes as innate immunity regulators of the intestinal ecosys-
tem.'” In contrast, using littermate-controlled experimental setups,
recent studies showed that NLRP6/ASC inflammasomes do not
alter the gut microbiota composition.'®* In our study, we used first
C57BL/6J mice generated in our laboratory but also littermate con-
trols and found similar inflammation and type 2 immune responses
in the lungs.

NOD-like receptor family pyrin domain containing 6 inflam-
masome plays a critical role in immune defense against pathogens
by promoting type 1 immune response via secretion of IL-18.% 1L-18
is a pleiotropic cytokine that can promote either type 1 or type 2
immune responses, depending on the nature of the cytokine milieu,
infectious stimuli, and genetic background of the host.>®> Our find-
ings herein are consistent with a role for NLRP6 in promoting non-
protective type 1 immune responses, potentially by eliciting IL-18
secretion, a cytokine also known as inducing factor of |FNy.56

Anti-IL-18 neutralizing antibody administration during effector
phase reduced IL-18 and IL-1p production in BALF and increased
neutroplilic lung inflammation while eosinophils and type 2 immune
responses are unaffected. Our findings herein suggest that target-
ing IL-18 during the effector phase in NLRP6-deficient mice induced
deleterious neutrophilic lung inflammation but has no effect on
eosinophilic inflammation and type 2 immune response providing
a limitation for the use of anti-IL-18-neutralizing antibody in effec-
tor phase. We exclude the possibility of ineffectiveness of the anti-
body since this antibody used at the same dose in a previous study
showed its effectiveness as a preventive treatment to Salmonelia

typhimurium infection in mice.’

In conclusion, our study reveals a critical role of NLRPé in the
regulation of ILC2 and Th2 cell function to birch pollen allergen and
N. brasiliensis in the lung. This provides an important clue to long-
standing question of what is the exact function of NLRPé in lung
inflammation.
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