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A B S T R A C T

Host innate immune system is critical for combating invading microbes including Influenza A virus (IAV). As an
important arm of the innate immunity, the NLRP3 inflammasome has been found essential for protecting host
against IAV challenge, while the mechanism remained elusive. Here we found that mice carrying a gain-of-
function mutation in the Nlrp3 gene (Nlrp3R258W) are strongly resistant to IAV infection. Upon H1N1 IAV in-
fection, the Nlrp3R258W mice exhibited decreased weight loss, increased survival rate and attenuated lung da-
mage compared with WT littermate controls. Mechanistically, the resistance of Nlrp3R258W mice to IAV infection
was dependent on IL-1β-mediated neutrophil recruitment. Upon IAV infection, mice carrying the Nlrp3R258W

mutation produced more IL-1β than WT mice in the lung, which enhanced neutrophil recruitment locally. The
recruited neutrophils facilitated IAV clearance, so that the viral load in Nlrp3R258W mice was lower than that in
control mice. Conversely, neutrophil depletion in Nlrp3R258W mice compromised IAV clearance. Taken together,
our results demonstrate a previously undescribed mechanism by which hyperactivation of the NLRP3
Inflammasome protects mice from IAV infection through IL-1β mediated neutrophil recruitment, thus suggest
that positively fine tuning the physiological function of NLRP3 inflammasome can be beneficial for a mammalian
host against IAV challenge.

1. Introduction

A vertebrate host usually initiates immune responses through re-
cognition of microbes via pattern recognition receptors (PRRs) ex-
pressed on innate immune cells [1]. These PRRs recognize microbial
associated molecular patterns (MAMPs) from invading or resident mi-
croorganisms, as well as danger associated molecular patterns (DAMPs)
from damaged host cells [1,2]. Two categories of PRRs have been
identified, e.g. the membrane bound ones including TLRs (Toll-like
receptors) and CLRs (C-type lectin like receptors), and the intracellular
PRRs such as RLRs (RIG-I like receptors), NLRs (Nod-like receptors) and
ALRs (AIM2 like receptors) [1,3]. A subgroup of NLRs and ALRs can
assemble with adaptor protein apoptosis-associated speck-like protein
containing a CARD (ASC) and pro-caspase-1 to form a multiprotein
complex named inflammasome, which leads to caspase-1 activation and
subsequent cleavage of pro-IL-1β and/or pro-IL-18 for their maturation
and secretion [3–5]. Each identified inflammasome usually recognizes

certain ligands. For instance, the NLRP1 inflammasome recognizes
anthrax lethal toxin, the Naip-NLRC4 inflammasome recognizes bac-
terial flagellin/needle proteins, and the AIM2 inflammasome recognizes
DNA [6]. In contrast, the NLRP3 inflammasome can be activated by a
broad spectrum of stimuli including but not limited to ATP, MSU,
bacterial toxin and certain viral proteins [7,8]. Although the exact
mechanism for the activation of NLRP3 inflammasome remains elusive,
NLRP3 has been associated with many diseases and thus heavily in-
vestigated [9]. In addition, other diseases such as type II diabetes,
Parkinson’s disease, Alzheimer disease, inflammatory bowel disease,
asthma, cancer, as well as bacterial, viral, parasitical and fungal in-
fections all involve the activation of NLRP3 inflammasome [9,10]. Of
note, gain-of-function mutations in the coding region of human NLRP3
gene result in a group of diseases named cryopyrin-associated periodic
syndromes (CAPS) characterized with auto-inflammation in skin, joints
and eyes [11–14]. Notably, genetically modified mice carrying the
Nlrp3R258W mutation homologous to the human NLRP3R260W site also
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develop auto-inflammation in skin [15]. NLRP3 can interact with the
ubiquitin ligase–associated protein SGT1 and heat-shock protein 90
(HSP90) before it is activated to form NLRP3 inflammasome [16].
Nlrp3R258W mutation may change the configuration or conformation of
the protein. As a result, the interaction of NLRP3R258W with SGT1 and
HSP90 becomes weak or disappeared, which further leads to easier
activation of the inflammasome when encountering activation signals.

Epidemics and pandemics caused by influenza virus infection are
major global health challenges, and approximately 300,000 deaths and
more than 4 million hospitalizations are directly related to influenza
virus infection worldwide every year [17]. Both innate and adaptive
immune responses are necessary for humans to combat influenza virus.
Upon influenza viral infection, multiple PRRs are engaged to initiate
innate immune responses for protection [18]. The endosomal TLR3 or
TLR7 that senses double-stranded RNA (dsRNA) or single-stranded RNA
(ssRNA) respectively, the cytosolic RIG-I that senses 5′-triphosphate

RNA, as well as the cytosolic NLRP3 that senses multiple stimuli, are all
involved in this process [18–21].

Thomas PG et al. showed that NLRP3 protects against influenza A
virus-induced lung damage through regulating neutrophil and mono-
cyte recruitment [22]. Allen IC et al. indicated that NLRP3 recognizes
influenza A viral RNA and mediates in vivo immune protection [23]. In
addition, Stout-Delgado HW et al. found that the function of NLRP3
inflammasome is compromised in aged mice, and nigericin, a NLRP3
agonist, rescues the capability of aged mice against influenza challenge
[24]. The results shown in these works indicated that the activation of
NLRP3 inflammasome is essential for the host to defeat IAV infection.
However, the mechanism remained largely elusive.

In the current work, we employed the Nlrp3R258W mice, in which the
NLRP3 inflammasome is hyperactive, to investigate the mechanism by
which the inflammasome protects against influenza A virus infection.
We found that the NLRP3 inflammasome-IL-1β signaling cascade

Fig. 1. Nlrp3R258W mutation protects mice against influenza A virus infection. (A), WT (n= 9) and Nlrp3R258W (n=9) mice were intranasally infected with 50 PFU of
IAV PR8, weight loss and survival were monitored daily for 14 days. (B), Cytokines in sera from infected WT (n=4) and Nlrp3R258W (n=4) mice were analyzed via
ELISA on day 6 post-infection. (C), The lungs from infected WT (n= 5 for 3 dpi, n= 5 for 6 dpi) and Nlrp3R258W (n=5 for 3 dpi, n=5 for 6 dpi) mice were
harvested on day 3 or 6 post-infection, sectioned, and then stained with hematoxylin and eosin. Representative images from each group are shown, scale
bar= 200 μm. (D), The PR8 viral load in the lung homogenates from infected WT (n= 3 for 3 dpi, n= 4 for 6 dpi) and Nlrp3R258W (n=4 for 3 dpi, n=5 for 6 dpi)
was determined with the standard plaque assay on day 3 and 6 post-infection. Data shown are representative from three independent infection experiments. Values in
(A) (left), (B) and (D) are the means ± standard error of the mean (SEM), two-tailed Student’s t test. Survival rate shown in (A) (right) is analyzed with Log-rank
(Mantel-Cox) test. Significant values are defined by *P < 0.05 and **P < 0.01.
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mediated neutrophil recruitment is vital for virus clearance and host
survival following influenza A virus infection.

2. Materials and methods

2.1. Virus

A/Puerto Rico/8/34(H1N1) virus was cultured and titrated in
Madin-Darby Canine Kidney (MDCK) cells as described before [25]. All
viral infection experiments were performed in the biosafety level 2 la-
boratory at Institut Pasteur of Shanghai following the standard oper-
ating protocols approved by the institutional biosafety committee.

2.2. Mice

Nlrp3R258W mice have been described before [15]. Nlrp3R258W mice
were maintained as heterozygotes by crossing with WT C57BL/6J mice
from the Jackson Laboratory (Bar Harbor, ME, USA). Nlrp3R258W mice
(+/R258W) and WT (+/+) mice in this study are littermate controls.
Il1r1−/− mice were from the Jackson Laboratory. All animals were
maintained in the specific pathogen-free (SPF) facility at Institut Pas-
teur of Shanghai. Animal care, use and experimental procedures com-
plied with national guidelines and were approved by the Animal Care

and Use Committee of Institut Pasteur of Shanghai, Chinese Academy of
Sciences.

2.3. Viral infection of mice and sampling

Mice were anesthetized with Avertin (2,2,2-tribromoethanol,
Sigma-Aldrich) and infected intranasally with 50pfu of PR8 virus in
25ul of PBS (1LD50 for WT mice). Mice were either weighed and
monitored daily and euthanized on day 14, or sacrificed at various
intervals for sampling. The infected mice of more than 25% weight loss
were sacrificed and treated as death. Weight loss and survival data were
analyzed using the GraphPad-Prism 5.0 software unless stated other-
wise.

2.4. BALF related experiments

The bonchoalveolar lavage fluid (BALF) was harvested in 3×1ml
washes on either day 3 or day 6 post infection and centrifuged at 400g
for 5min at 4 °C. The supernatants were collected and frozen at −80 °C
for enzyme-linked immunosorbent assay (ELISA). The red blood cells
were lysed, and remaining cells were counted with a hemocytometer
and stained with fluorochrome-conjugated antibodies. Data were ac-
quired using a BD Fortessa flow cytometer and then analyzed with

Fig. 2. Nlrp3R258W mice exhibit elevated pro-inflammatory responses upon influenza virus infection. (A), WT (n=5 for 3 dpi, n= 6 for 6 dpi) and Nlrp3R258W (n=6
for 3 dpi, n= 7 for 6 dpi) mice were intranasally infected with 50 PFU of IAV PR8, and pro-inflammatory cytokines and chemokines in BALF from infected mice were
analyzed by ELISA on day 3 and 6 post-infection. (B), The expression of chemokines and chemokine receptors in the lung homogenates from PR8 infected WT (n=5
for 3 dpi, n= 6 for 6 dpi) and Nlrp3R258W (n=5 for 3 dpi, n= 6 for 6 dpi) mice on day 3 and 6 post-infection. Data shown are representative from three independent
infection experiments. Values in (A) and (B) are the means ± SEM. Significant values are defined by *P < 0.05, **P < 0.01, and ***P < 0.001 (two-tailed Student’s
t test).
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FlowJo_V10 software.

2.5. Antibodies for flow cytometric analysis

Fluorochrome-conjugated anti-mouse antibodies against F4/80
(PE), Ly6G (APC), and CD11c (PE) were purchased form eBiosciences,
San Diego, CA, USA. Fluorochrome-conjugated anti-mouse antibodies
against CD11b (FITC), CD45.2 (BV605), CD3e (BV421), CD4 (V500),
and CD8a (APC) were obtained from BD Biosciences, San Jose, CA,
USA, and CD19 (PerCP Cy5.5) was purchased from Biolegend, San
Diego, CA.

2.6. Quantitative real-time PCR

Total RNA was extracted from homogenized lung with TRIzol re-
agent (Sigam-Aldrich) according to the manufacturer’s instructions.
Synthesis of cDNA was performed with a GoSript™ Reverse
Transcription kit (Promega). Real time quantitative PCR was performed
with the SYBR Green qPCR Master Mix (TOYOBO) on an ABI 7900 HT
Fast Real-Time cycler (Applied Biosystems). The expression of target
genes was normalized to expression of housekeeping gene Gapdh (gly-
ceraldehyde-3-phosphate dehydrogenase). The primers used in this
study were: MIP2, 5′- CCAACCACCAGGCTACAGG-(forward) 3′, 5′-
GCGTCACACTCAAGCTCTG-(reverse) 3′; KC, 5′-CTGGGATTCACCTCA
AGAACATC-(forward) 3′, 5′-CAGGGTCAAGGCAAGCCTC-(reverse)
3′;Cxcr2, 5′- ATGCCCTCTATTCTGCCAGAT-(forward) 3′, 5′- GTGCTCC
GGTTGTATAAGATGAC-(reverse) 3′; Ccl2, 5′- TTAAAAACCTGGATCG
GAACCAA-(forward) 3′, 5′- GCATTAGCTTCAGATTTACGGGT-(reverse)
3′; Ccl3, 5′- TGTACCATGACACTCTGCAAC-(forward) 3′, 5′- CAACGAT
GAATTGGCGTGGAA-(reverse) 3′; Ccl4, 5′- TTCCTGCTGTTTCTCTTAC
ACCT-(forward) 3′, 5′- CTGTCTGCCTCTTTTGGTCAG-(reverse) 3′; Ccl5,

5′- GCTGCTTTGCCTACCTCTCC-(forward) 3′, 5′- TCGAGTGACAAACA
CGACTGC-(reverse) 3′; Ccl20, 5′- ACTGTTGCCTCTCGTACATACA-(for-
ward) 3′, 5′- GAGGAGGTTCACAGCCCTTTT-(reverse) 3′; Ccl28, 5′-
AGAGTGAGTTCATGCAGCATCC -(forward) 3′, 5′- CTGCTTCAAAGTAC
GATTGTGCG-(reverse) 3′; Sele, 5′- CCAATCTGAAACATTCACCGAGT
-(forward) 3′, 5′- GAGTCTTTGGTTCGTTGGATGTA-(reverse) 3′; Selp,
5′- CATCTGGTTCAGTGCTTTGATCT -(forward) 3′, 5′- ACCCGTGAGTT
ATTCCATGAGT-(reverse) 3′; Icam1, 5′- TGCCTCTGAAGCTCGGATA
TAC -(forward) 3′, 5′- TCTGTCGAACTCCTCAGTCAC-(reverse) 3′;
Gapdh, 5′-AGGTCGGTGTGAACGGATTTG-(forward) 3′, 5′-TGTAGACC
ATGTAGTTGAGGTCA-(reverse) 3′.

2.7. ELISA

Sera and BALF supernatants were measured with ELISA kits
(eBioscience) according to the manufacturer’s instructions.

2.8. Pulmonary histopathology

For histopathologic examination, lungs were collected from mice at
the indicated days, fixed through immersion in 10% buffered formalin
for at least one week at 4 °C, processed, embedded in paraffin, sec-
tioned, and then stained with hematoxylin and eosin(H&E).

2.9. Plaque assay

Lungs were homogenized in 1ml of PBS and the homogenates were
centrifuged at 400g for 5min at 4 °C. The supernatants containing in-
fluenza virus were diluted serially with 0.2% BSA (bovine serum al-
bumin) in PBS. MDCK cells were grown in 48-well cell culture plates to
produce a confluent monolayer, and then washed with PBS, infected

Fig. 3. Analysis for the immune cell infiltration to the lungs of Nlrp3R258W and WT mice upon IAV infection. (A and B), The total cells, CD11b+Ly6G+ neutrophils,
CD11b+F4/80+ macrophages, CD4+ T cells, CD8+ T cells, CD11c+ DCs and CD19+ B cells in BALF from PR8 infected WT (n=4 for 3 dpi, n=5 for 6 dpi) and
Nlrp3R258W (n=5 for 3 dpi, n= 6 for 6 dpi) mice were analyzed via FACS on day 3 and 6 post-infection. Data shown are representative from three independent
infection experiments. Values in (A) and (B) are the means ± SEM. Significant values are defined by *P < 0.05 and **P < 0.01 (two-tailed Student’s t test).
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with serially diluted supernatants, and incubated at 37 °C with 5% CO2

for 1 h for viral absorption. Unabsorbed virus particles were washed
away with PBS, and then 0.5ml of 50% 2×DMEM media, supple-
mented with 0.4% BSA, 2% Penicillin & Streptomycin, 50% Avecil
(2.4%) and 2μg/ml TPCK-treated trypsin, was added to each well. After
incubation for 72 h at 37 °C in 5% CO2 incubator, the MDCK cells were
fixed with 4% paraformaldehyde, and then incubated with rabbit anti-
NP (H1N1) antibody followed by goat-anti-rabbit HRP. Color devel-
opment was performed with True Blue™ Peroxidase Substrate (KPL),
plaques were counted, and the virus titers were determined.

2.10. Depletion of neutrophils in vivo

Mice were intravenously injected with isotype control rat IgG2a

(BioXcell) or rat anti-mouse Ly-6G monoclonal antibody (clone 1A8,
BioXcell) one day prior to infection, and on day 1 and 3 post infection
(2mg/kg).

2.11. Statistical analysis

GraphPad Prism 5.0 software (La Jolla, CA, USA) was used for data
analysis. Statistically significant difference was determined by two-
tailed Student’s t test for two groups or one-way ANOVA for three or
more groups. Survival curves were compared with the Log-rank
(Mantel-Cox) test. P < 0.05 was considered a statistically significant.

Fig. 4. IL-1β signaling is required for the Nlrp3R258W mice against IAV infection. (A), Nlrp3R258W (n= 11) and Nlrp3R258W X Il1r1−/− (n= 10) mice were intranasally
infected with 50 PFU of IAV PR8, weight loss and survival were monitored for 14 days. (B), The lungs harvested from Nlrp3R258W (n= 5) and Nlrp3R258W X Il1r1−/−

(n=5) mice on day 6 post-infection were sectioned, and then stained with hematoxylin and eosin, scale bar= 200um. (C), The PR8 viral load in the lung
homogenates from infected Nlrp3R258W (n= 4 for 3 dpi, n=5 for 6 dpi) and Nlrp3R258W X Il1r1−/− (n= 4 for 3 dpi, n=5 for 6 dpi) was determined with the
standard plaque assay on day 3 and 6 post-infection. (D), The cytokines and chemokines in BALF from infected Nlrp3R258W (n= 6 for 3 dpi, n=8 for 6 dpi) and
Nlrp3R258W X Il1r1−/− (n=5 for 3 dpi, n= 9 for 6 dpi) mice were analyzed through ELISA on day 3 and 6 post-infection. Data shown are representative from three
independent infection experiments. Values in (A) (left), (C) and (D) are the means ± SEM, two-tailed Student’s t test. Survival rate is shown in (A) (right), Log-rank
(Mantel-Cox) test. Significant values are defined by * P < 0.05, ** P < 0.01 and *** P < 0.001.
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3. Results

3.1. Nlrp3R258W protects mice against IAV-induced morbidity and mortality

An upregulated inflammatory response can be either detrimental or
beneficial to the mammalian host during IAV infection [21,26]. To
determine whether the enhanced inflammasome activity in Nlrp3R258W

mice has any physiological function during influenza A viral challenge,
we infected WT and Nlrp3R258W mice with the H1N1 IAV strain PR8. Of

note, Nlrp3R258W animals showed significantly decreased body weight
loss and better survival compared with WT mice (Fig. 1A). Of note, the
level of pro-inflammatory cytokines such as IL-1β, TNF-α, IL-6 and IL-
12p40 on day 6 post infection (6 dpi) from the sera of Nlrp3R258W mice
did not show a clear difference compared with that from WT control
animals (Fig. 1B), indicating that the effect of R258W mutation on
NLRP3 was likely exerting the anti-IAV function in the lung locally
instead of systemically.

Fig. 5. The augmented neutrophil recruitment in the lung of Nlrp3R258W mice requires IL-1β signaling. (A and B), The total cells, CD11b+Ly6G+ neutrophils,
CD11b+F4/80+ macrophages, CD4+ T cells, CD8+ T cells, CD11c+ DCs and CD19+ B cells in BALF from PR8 infected Nlrp3R258W (n=5 for 3 dpi, n= 5 for 6 dpi)
and Nlrp3R258W X Il1r1−/− (n= 5 for 3 dpi, n= 5 for 6 dpi) mice were analyzed via FACS on day 3 and 6 post-infection. (C), Real time quantitative PCR analysis for
the expression of pro-inflammatory chemokines in the lung homogenates from PR8 infected Nlrp3R258W (n= 4 for 3 dpi, n= 5 for 6 dpi) and Nlrp3R258W X Il1r1−/−

(n=4 for 3 dpi, n=5 for 6 dpi) mice on day 3 and 6 post-infection. Data are representative from three independent infection experiments. Values in (A), (B) and (C)
are the means ± SEM. Significant values are defined by *P < 0.05, **P < 0.01 and ***P < 0.001 (two-tailed Student’s t test).
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3.2. Nlrp3R258W attenuates lung damage and enhances viral clearance
during IAV infection

When assessed for IAV-induced lung damage, WT mice exhibited
obviously thickened and ruptured alveolar septa on 3 and 6 dpi, and
necrotic cells and inflammatory exudate in brochioli on 6 dpi, while
Nlrp3R258W mice attenuated the aforementioned tissue damage through
a distinct cell infiltration into bronchiole on 6 dpi (Fig. 1C). A previous
report indicated that the NLRP3 inflammasome is involved in IAV
clearance [23]. To determine whether the protection of Nlrp3R258W

against IAV was due to enhanced viral clearance, virus replication was
monitored in our experiments. Notably, it was found that the viral load
in the lung of Nlrp3R258W mice was clearly decreased compared with
that from WT controls, especially on 6 dpi (Fig. 1D).

3.3. Nlrp3R258W mice exhibit elevated pro-inflammatory responses in the
lung upon IAV infection

When infected with IAV, the host recruits inflammatory cells to the
lung for safeguarding, which is largely mediated by inflammatory
chemokines and cytokines [27]. We determined the cytokine levels in
the bronchoalveolar lavage fluid (BALF) of our experimental animals,
and found that the Nlrp3R258W mice produced significantly higher
amounts of IL-1β and IL-17A than WT mice on 3 and 6 dpi (Fig. 2A).
However, the production of IL-18, a cytokine also dependent on in-
flammasome for maturation in certain cells, was comparable between
WT and Nlrp3R258W mice (Fig. 2A). Other inflammasome-independent
cytokines such as IFN-γ, TNF-α and IL-6 showed similar secretion be-
tween WT and Nlrp3R258W mice on 3 and 6 dpi (Fig. 2A). Similarly, the
production of the chemokine CCL2 did not show any difference be-
tween WT and Nlrp3R258W mice on 3 or 6 dpi (Fig. 2A). In addition, the
neutrophil-recruiting chemokines KC [28], MIP2, and chemokine re-
ceptor CXCR2 [29] in the Nlrp3R258W mice were moderately higher than

Fig. 6. IL-1β signaling-dependent neutrophil recruitment is critical for Nlrp3R258W mice against influenza virus challenge. (A), The expression of chemokines,
chemokines receptors, selectins and integrin ligand ICAM-1 in lung homogenates from PR8 infected WT (n= 4), Nlrp3R258W (n=4) and Nlrp3R258W X Il1r1−/−

(n=4) mice on day 3 post-infection. (B), The viral titers in lung homogenates from infected WT (n=7 for isotype control, n= 8 for 1A8) and Nlrp3R258W (n=4 for
isotype control, n= 7 for 1A8) mice on day 5 post-infection, which had been treated with isotype control IgG2a or neutrophil specific anti-Ly6G antibody (clone 1A8)
prior to and during the infection. (C), The weight loss and survival curves of infected WT (n= 4 for isotype control, n= 8 for 1A8) and Nlrp3R258W (n= 4 for isotype
control, n= 6 for 1A8) mice injected with indicated antibodies prior to and during the infection. (D), Neutrophil depletion was confirmed by counting neutrophils in
blood from WT (n=7 for isotype control, n= 8 for 1A8) and Nlrp3R258W (n= 4 for isotype control, n= 7 for 1A8) mice injected with indicated antibodies the same
as in (B). Data are representative from two independent infection experiments. Values in (A), (B), (C) (left) and (D) are the means ± SEM. Significant values are
defined by *P < 0.05, **P < 0.01 and ***P < 0.001 (one-way ANOVA for (A), two-tailed Student’s t test for (B), (C) (left) and (D)). Survival rate shown in (C) (right)
is analyzed with Log-rank (Mantel-Cox) test.
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those in WT mice on 3 dpi (Fig. 2B), while other chemokines such as
CCL3, CCL4 and CCL5 were all comparable between the two lines of
experimental animals (Fig. 2B).

IL-1β is a pro-inflammatory cytokine that can function as a pyrogen
to induce the expression of adhesion molecules on endothelial cells to
promote the infiltration of leukocytes [30,31]. Additionally, IL-17A can
also recruit neutrophils to the sites of infection [27]. The increased
production of IL-1β and IL-17A in Nlrp3R258W mice might have led to
augmented leukocyte infiltration into the airways during influenza
virus infection. Indeed, the numbers of total cells, CD11b+Ly6G+

neutrophils and CD11b+F4/80+ macrophages were all significantly
higher in the BALF of Nlrp3R258W on 6 dpi, although they were com-
parable on 3 dpi (Fig. 3A). The numbers of other cell populations in-
cluding CD45.2+CD3+CD4+ T helper cells, CD45.2+CD3+CD8+ cy-
totoxic T cells, CD45.2+CD11c+ dendritic cells and CD45.2+CD19+ B
cells were all comparable on 3 dpi between Nlrp3R258W and WT mice,
and the numbers of CD4+ T helper cells and CD11c+ dendritic cells
were even a bit lower in Nlrp3R258W mice on 6 dpi (Fig. 3B). Taken
together, these results demonstrated that the Nlrp3R258W mice produced
more IL-1β and IL-17A, and recruited adequate neutrophils, which
might have mediated virus clearance and thus attenuated IAV- induced
lung damage.

3.4. IL-1β signaling contributes to the protection of Nlrp3R258W mutation
against IAV infection

Both IL-1β and IL-18 are the downstream effector cytokines whose
maturation depends on inflammasome activation [5]. The Nlrp3R258W

mice secreted more IL-1β during IAV infection, while the production of
IL-18 was comparable between WT and Nlrp3R258W mice (Fig. 2A). This
indicated that instead of IL-18, IL-1β was likely responsible for
Nlrp3R258W mice against influenza virus infection. Indeed, when the
Nlrp3R258W mice were crossed with the Il1r1−/− mice, the protective
role of Nlrp3R258W mutation was largely lost: Nlrp3R258W× Il1r1−/−

mice, characterized with more severe lung damage (Fig. 4B) and
compromised virus clearance (Fig. 4C), developed more weight loss and
mortality (Fig. 4A) than Nlrp3R258W mice. We also monitored the levels
of pro-inflammatory mediators in the BALF. As expected, the deficiency
of IL-1R1 didn’t affect IL-1β secretion, but significantly decreased the
production of IL-17A in the Nlrp3R258W× Il1r1−/− mice (Fig. 4D).
Other cytokines such as TNF-α and IFN-γ in the Nlrp3R258W× Il1r1−/−

mice were upregulated on 3 dpi compared with those in Nlrp3R258W

mice (Fig. 4D), but the level of IL-6 was comparable between these two
groups of mice (Fig. 4D). Of note, the chemokine CCL2 kept at a higher
level in the Nlrp3R258W× Il1r1−/− mice (Fig. 4D).

Additionally, although the deficiency of IL-1R1 didn’t directly affect
the number of the total recruited cells to bronchioalveoli, and even
increased the number of CD11b+F4/80+ macrophages on 6 dpi
(Fig. 5A), it obviously decreased CD11b+Ly6G+ neutrophil infiltration
to bronchioalveoli in the Nlrp3R258Wx Il1r1−/− mice on both 3 dpi
(Fig. 5A). The numbers of CD8+ cytotoxic T cells and CD19+ B cells
didn’t show a clear difference between these two groups of mice, while
the numbers of CD4+ T helper cells and dendritic cells were even
augmented in the Nlrp3R258W× Il1r1−/− mice (Fig. 5B). What’s more,
Nlrp3R258W× Il1r1−/− mice showed comparable chemokine expression
with Nlrp3R258W mice, except for the CCL5 expression that was in-
creased in Nlrp3R258W× Il1r1−/− mice 3 dpi (Fig. 5C). CCL5 can be
produced by dendritic cells and promotes T cell chemotaxis and acti-
vation [32], higher level of dendritic cells in Nlrp3R258W× Il1r1−/−

mice may account for the enhanced CCL5 expression. Taken together,
these results suggest that the downstream IL-1β signaling of NLRP3
inflammasome protects against IAV infection in the Nlrp3R258W mice.

3.5. IL-1β-dependent neutrophil recruitment is responsible for Nlrp3R258W

mice against influenza A virus infection

Being discovered as an endogenous pyrogen, IL-1β is a potent in-
flammatory cytokine which induces the expression of adhesion mole-
cules on endothelial cells and promotes lymphocyte infiltration to the
sites of infection or damage [31]. As described above, elevated neu-
trophil infiltration to bronchioalveoli in Nlrp3R258W mice was depen-
dent on IL-1β (Fig. 5A). In addition, the expressions of chemokines KC,
MIP2, CCL20 and CCL28, the chemokine receptor CXCR2, Selectin E
and Selectin P of endothelial cells, and integrin ligand ICAM1 in lung
homogenates were all elevated in the Nlrp3R258W mice in an IL-1β
signaling-dependent manner on 3 dpi (Fig. 6A). Neutrophils can be
recruited to the respiratory tract at the early stage of influenza virus
infection, then bind to and take up influenza virus directly [28,33,34].
We thus hypothesized that neutrophils recruited to the lung via IL-1β
signaling might contribute to the protection of Nlrp3R258W mutation
against influenza virus infection. To test this, we depleted neutrophils
with anti-Ly6G antibody 1A8. The significant differences in viral load,
weight loss and survival rate between Nlrp3R258W and WT mice dis-
appeared following 1A8 treatment (Fig. 6B and C). Neutrophil counting
in total blood cells demonstrated that neutrophils had been successfully
depleted (Fig. 6D). Taken together, our results demonstrate that the
protection of Nlrp3R258W mutation against influenza A virus is attrib-
uted to recruited neutrophils that confer virus clearance.

4. Discussion

Although previous work demonstrated that the NLRP3 inflamma-
some plays a critical role against influenza A virus infection [22,23],
the detailed mechanism was not clear. Our current study uncovered the
cellular mechanism for the protective effect of NLRP3 inflammasome
against IAV challenge: influenza virus induces NLRP3 inflammasome
activation in the lung resulting in IL-1β production, the latter induces
the expression of chemokines and cell surface attachment/adhesion
molecules, which leads to neutrophil recruitment to the infected sites
for viral clearance.

Three research groups indicated that NLRP3 inflammasome played
a critical role during influenza A virus infection. All these studies
showed that the NLRP3 inflammasome component knock-out mice had
decreased IL-1β and IL-18, less inflammatory cell infiltrations and more
severe damage [22,23,35]. Notably, a recent study from Tate and col-
leagues demonstrated that MCC950, a specific inhibitor for the NLRP3
inflammasome [36], regulates the host immune responses to influenza
viral infection in a temporal manner. Inhibition of NLRP3 inflamma-
some at the early stage of infection exaggerated the disease due to in-
sufficient host immune responses, while the inhibition at the late stage
protected mice from virus-induced disease [37]. Overall, all these stu-
dies emphasized the critical role of the NLRP3 inflammasome in com-
bating influenza virus infection.

Both IL-1β and IL-18 are downstream cytokines of NLRP3 in-
flammasome activation [5]. The expression of IL-1β can be induced by
NF-κB activation, while IL-18 is constitutively expressed in many types
of cells [38]. Of note, although NLRP3 is expressed in various immune
cells, more and more evidence showed that IL-18 is expressed in cells
that do not contain NLRP3. For example, a recent study showed that
human intestinal epithelial cells express high levels of IL-18, but not
NLRP3 or IL-1β; while gut lamina propria cells express NLRP3 and IL-
1β, but not IL-18 [39]. Our lab also found this phenomenon in mice,
wherein intestinal lamina propria phagocytes express NLRP3 and IL-1β,
but not IL-18; and gut epithelial cells express IL-18, but not NLRP3 or
IL-1β [40]. This may well explain why the production of IL-1β was
clearly different, but the secretion of IL-18 was similar between
Nlrp3R258W and WT mice (Fig. 2A). Since IL-1β but not IL-18 is ex-
pressed in the same type of cells as NLRP3, it is reasonable to see the
elevation of IL-1β but not IL-18 when NLRP3 was mutated for hyper
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inflammasome activation. Furthermore, it is apparent that IL-1β, in-
stead of IL-18, is responsible for the protection of Nlrp3R258W mutation
against IAV challenge. This was proved to be the case, because the
Nlrp3R258W× Il1r1−/− mice diminished the protection against influ-
enza virus, due to compromised neutrophil recruitment. Indeed, the
viral loads in the Nlrp3R258W× Il1r1−/− and neutrophil-depleted
Nlrp3R258W mice were both clearly higher than that in the original
Nlrp3R258W mice (Figs. 1D, 4C and 6B).

IL-1β induces the expression of adhesion molecules on the en-
dothelial cells lining blood vessels, and thus promotes the infiltration of
lymphocytes from blood to the sites of infection, which is a critical
inflammatory process for virus control [31,41]. In response to the in-
vading microbes, tissue resident macrophages or mast cells produce
TNF-α, IL-1β and other cytokines which activate endothelial cells to
capture neutrophils, mediating the neutrophil infiltration to the in-
fected sites [42]. In addition, Fas ligand-induced massive neutrophil
infiltration is also IL-1β dependent [43]. IL-1β mediated anti-tumor
effect also depends on the recruited neutrophils [44]. Upon influenza
virus challenge, mice deficient in IL-1β exhibited lower body tem-
perature and higher mortality compared with WT controls [45]. The
Il1r1−/− mice displayed significantly increased mortality and increased
lung viral load, due to the impaired neutrophil recruitment, IgM anti-
body responses and CD4+ T cell infiltration to the infection sites [35].
Overall, IL-1β signaling is protective against influenza virus infection
due to its positive regulation of innate and adaptive immune responses.

Neutrophils constitute 60% of all leukocytes in blood vessel and
function as the primary effector cells fighting against invading micro-
organisms. These cells infiltrate into the inflammatory sites at the early
stage of infection, especially for the acute inflammation [46]. Neu-
trophils combat invading microbes through phagocytosing bacteria,
fungi and virions. Such cells can be recruited to the respiratory tract in
the early phase of influenza virus infection, then bind and take up IAV
directly [33,47]. In our study, the mutated mice showed amplified
neutrophil infiltration, which promoted virus clearance more effec-
tively.

Taken together, we identified a cellular mechanism for NLRP3 in-
flammasome fighting against influenza A virus. The Nlrp3R258W mice
resisted influenza A virus infection due to enhanced inflammasome
activity, elevated IL-1β signal and augmented neutrophil mediated
suppression of virus replication. These findings shed new lights on the
development of therapeutic strategies to combat influenza A virus via
manipulating host inflammatory responses.
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