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Universidade Federal de Minas Gerais, Belo

Horizonte, and 4Departamento de An�alises

Cl�ınicas e Toxicol�ogicas, Faculdade de Farm-

�acia, Universidade Federal de Minas Gerais,

Belo Horizonte, Brazil

doi:10.1111/imm.13184

Received 27 October 2019; revised 31

January 2020; accepted 25 February 2020.

Correspondence: Dr Izabela Galv~ao, Centre

for Inflammation, Centenary Institute and

University of Technology Sydney, Ultimo,

NSW 2007, Australia.

Email: izabelag@gmail.com

Senior author: Mauro M. Teixeira

Email: mmtex@icb.ufmg.br

Summary

Annexins are well-known Ca2+ phospholipid-binding proteins, which have

a wide variety of cellular functions. The role of annexin A1 (AnxA1) in

the innate immune system has focused mainly on the anti-inflammatory

and proresolving properties through its binding to the formyl-peptide

receptor 2 (FPR2)/ALX receptor. However, studies suggesting an intracel-

lular role of AnxA1 are emerging. In this study, we aimed to understand

the role of AnxA1 for interleukin (IL)-1b release in response to activators

of the nucleotide-binding domain leucine-rich repeat (NLR) and pyrin

domain containing receptor 3 (NLRP3) inflammasome. Using AnxA1

knockout mice, we observed that AnxA1 is required for IL-1b release

in vivo and in vitro. These effects were due to reduction of transcriptional

levels of IL-1b, NLRP3 and caspase-1, a step called NLRP3 priming. More-

over, we demonstrate that AnxA1 co-localize and directly bind to NLRP3,

suggesting the role of AnxA1 in inflammasome activation is independent

of its anti-inflammatory role via FPR2. Therefore, AnxA1 regulates

NLRP3 inflammasome priming and activation in a FPR2-independent

manner.
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Introduction

The annexin family is a well-known group of Ca2+ phos-

pholipid-binding proteins, which have a wide variety of

cellular functions. Annexin A1 (AnxA1) functions in cells

are related with proliferation, apoptosis, vesicle traffick-

ing, differentiation and inflammatory responses.1 This

molecule is regulated by glucocorticoids, and its first

described anti-inflammatory action was inhibition of

cytosolic phospholipase A2 (PLA2), subsequently blocking

the release of arachidonic acid and, in turn, preventing

synthesis of eicosanoids.2

Accumulating years of studies on the actions of AnxA1

have shown the undoubtedly anti-inflammatory/prore-

solving activities of this protein.3,4 AnxA1 modulates

inflammation mainly through binding to a receptor

Abbreviations: AnxA1, annexin A1; ASC, apoptosis-associates speck-like protein containing CARD; ATP, adenosine triphosphate;
BMDM, bone marrow-derived macrophages; FPR2, formyl-peptide receptor 2; IL-1b, interleukin-1b; LPS, lipopolysaccharides;
LTA, lipoteichoic acid; MAMP, microbe-associated molecular patterns; MSU, monosodium urate crystals; NLRP3, nucleotide-
binding domain leucine-rich repeat (NLR) and pyrin domain containing receptor 3; PRR, pattern recognition receptors; TLR,
Toll-like receptor
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named formyl-peptide receptor 2 (FPR2)/ALXR. Activa-

tion of FPR2 by AnxA1 regulates neutrophil recruitment

to inflammatory sites, induces neutrophil apoptosis,

induces monocyte recruitment and increases efferocyto-

sis.5 However, recent studies have shown that AnxA1 may

contribute to the pathogenesis of certain conditions via

activation of FPR2.6 Some of these effects are associated

with proliferation of fibroblasts,7 activation and differenti-

ation of T-cells,8 leucocyte transendothelial migration

through increased ICAM expression,9 phosphorylation of

PLA2, and increased eicosanoids production on mast

cells.10 The molecular mechanisms responsible for the dif-

ferent roles of AnxA1 in different scenarios, including

innate immunity, are not fully understood. Some studies

have suggested a receptor-independent and intracellular

function of AnxA1.11,12 However, the intracellular effects

and roles of AnxA1 remain to be fully investigated.

The innate immune system is characterized by a family

of pattern recognition receptors (PRRs) that are involved

in sensing damage signals or microbe-associated molecu-

lar patterns (MAMPS). Among the sensors, there is a

group of cytosolic sensors named nucleotide-binding

domain leucine-rich repeat containing proteins (NLR), of

which NLRP3 (pyrin domain containing 3) is the most

studied. After activation, NLRP3 oligomerizes and recruits

the adaptor ASC (apoptosis-associates speck-like protein

containing CARD), which promotes caspase 1 (CASP1)

activation forming a complex called inflammasome.13,14

Once activated, the inflammasome complex induces the

cleavage and secretion of the pro-inflammatory cytokines

interleukin (IL)-1b and IL-18.19 It is well known that the

production of these cytokines relies on two steps: the first

one is provided by Toll-like receptor (TLR) ligands or

cytokines that induce transcriptional regulation of the

genes for the cytokines and inflammasome components –
a process called priming.15 The second signal is induced

by a variety of molecules that can then activate the

inflammasome and lead to the cleavage for the pro-cy-

tokine proteins. For the NLRP3 inflammasome, activators

include adenosine triphosphate (ATP), reactive oxygen

species and crystals, such as uric acid crystals.13 More-

over, MAMPS have also been shown to trigger inflamma-

some assembly.16–18

Interleukin-1 family members, which involve ligands

and receptors, have the dual role of defending the host

against microbes or injury, through innate immune

response inducing or reducing inflammation.20 IL-1b
exerts its pro-inflammatory properties by inducing

expression of adhesion molecules and chemokines, and

promoting infiltration of leucocytes from blood to the tis-

sues. It is well known that IL-1b is involved in a variety

of inflammatory conditions, such as arthritis,21 diabetes

mellitus,22 gout23 and severe asthma.24 Therefore, under-

standing how inflammasome activation is regulated is

critical for the development of novel treatment strategies

for inflammatory diseases. It has been previously shown

that the direct interaction of certain proteins with the

NLRP3 is required for inflammasome assembly and/or

signalling.25,26 Here, we describe the role of AnxA1 in

regulating IL-1b production in the specific context of

NLRP3 activation.

Materials and methods

Animals

Male BALB/c and male C57Bl/6 (8–12 weeks) mice were

obtained from the Center of bioterism of Universidade

Federal de Minas Gerais (UFMG) Brazil, and were housed

under standard conditions, and had free access to com-

mercial food and water. Male AnxA1-deficient mice

(AnxA1�/�-Balb/C background)27 and FPR2/3-deficient

mice (FPR2/3�/�-C57Bl/6 background)28 were maintained

in the animal facilities at Universidade Federal de Minas

Gerais (UFMG), Brazil. This study was carried out in

accordance with the recommendations of the law no.

11.794 from National Council for Control of Animals

Experimentation – CONCEA, Brazil. The protocol was

approved by the Animal Ethics Council – CEUA – at

Universidade Federal de Minas Gerais (Protocol Number

2/2015), Brazil.

In vivo models

Gout model. Monosodium urate crystals (MSU) were

prepared from uric acid (Sigma-Aldrich, St Louis, MO),

and the model was performed as previously described.29

Mice were anaesthetized i.p. with a solution containing

80 mg/kg ketamine : 15 mg/kg xylazine, and received an

intra-articular injection of 100 lg/10 ll into knee cavity.

The peri-articular tissue was collected 12 hr after the

injection (the peak of MSU-induced inflammation) and

processed for IL-1b quantification by ELISA.

Silicosis model. Mice were anaesthetized i.p. with a solu-

tion containing 80 mg/kg ketamine : 15 mg/kg xylazine,

and were instilled intra-nasally with 10 mg of silica

(Sigma-Aldrich) in 40 ll of phosphate buffer as previ-

ously described.30 Mice were killed at 24 hr post-chal-

lenge (the peak of silica-induced inflammation) and lungs

were collected for IL-1b quantification by ELISA.

Cell culture

Bone marrow-derived macrophages (BMDMs) were

obtained as previously described.31 Briefly, bone marrow

cells were collected from femurs of wild-type (WT),

AnxA1�/� and FPR2/3�/� mice and differentiated for

7 days in RPMI 1640 supplemented with 20% of fetal

bovine serum (FBS) and 30% L929 conditioned medium.
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Differentiated BMDMs were plated on day 7 for treat-

ment the following day. Cells were maintained at 37° in a

humidified atmosphere of 5% CO2. Cells were detached

with cold phosphate-buffered saline (PBS), resuspended

in RPMI 1640 supplemented with 10% FBS and seeded in

a tissue culture plate overnight to ensure adherence. On

the next day, cells were stimulated as described below.

Inflammasome activation

Bone marrow-derived macrophages (1 9 106 cells/well)

were seeded in 24-well plates for cytokine. The following

day BMDMs were stimulated with the TLR4 agonist

lipopolysaccharide (LPS; from Escherichia coli serotype

O:111:B4; 1 lg/ml; Sigma-Aldrich) for 1 hr as previously

described,23 or stimulated with the TLR2 agonist lipotei-

choic acid (LTA; 10 lg/ml; Sigma-Aldrich).32 The AnxA1

peptidomimetic Ac2-26 (32 lM; GeneScript)33 and a

selective FPR2 antagonist, WRW4 (10 lM; Calbiochem)34

were added into the cells prior to inflammasome activa-

tion. Then BMDMs were stimulated with inflammasome

activators in RPMI 1640 medium without FBS: MSU

crystals (300 lg/ml for 6 hr);29 Silica (250 lg/ml for

6 hr);35 adenosine 50-triphosphate disodium salt (ATP

5 mM for 30 min);36 Poly(dA:dT) (Sigma-Aldrich;

500 ng/ml for 2 hr);37 Legionella pneumophila bacteria

(strain JR32 – MOI of 10 for 4 hr).37 Supernatants were

removed and analysed using ELISA kits according to the

manufacturer’s instructions (R&D Systems, Minneapolis,

MN, USA).

Quantitative reverse transcriptase-quantitative poly-
merase chain reaction

Total RNA was extracted from 1 9 106 cells BMDMs and

synovial tissue using TRizol reagent (Ambion, Life Tech-

nologies, Themo Fisher Scientific, Grand Island, NY,

USA). Quantitative polymerase chain reactions (qPCRs)

were performed on a 7500 Fast Real-Time PCR system

using Power SYBR Green PCR Master Mix (Applied

Biosystems, Thermo Fisher Scientific) after reverse tran-

scription reactions of 0�5 lg RNA using SuperScript III

reverse transcriptase (Invitrogen, Life Technologies, Carls-

bad, CA, USA). The relative level of gene expression was

determined by the comparative threshold cycle method,

as described by the manufacturer, whereby data for each

sample were normalized to a GAPDH constitutive gene

and expressed as a fold change (2^�Dct). The following

primer pairs were used: for Gapdh, 50-ACG GCC

GCATCT TCT TGT GCA-30 (forward) and 50-CGG CCA

AAT CCG TTC ACA CCGA-30 (reverse); for Il-1b, 50-
CTA CAG GCT CCG AGA TGA ACA AC-30 (forward)

and 50-TCC ATT GAG GTG GAG AGC TTT C-30 (re-

verse); for Caspase 1, 50 - CAT GCG CAC ACA GCA

ATT GTG GT-30 (forward) and 50-TGC CCT CAG GAT

CTT GTC AGC C-30 (reverse); for Asc, 50-CAG AGT

ACA GCC AGA ACA GGA CAC-30 (forward) and 50-
GTG GTC TCT GCA CGA ACT GCC TG-30 (reverse);

for Nlrp3, 50-GCT GCT GTC TCA CAT CCG CGT-30

(forward) and 50-GGC CGG AAT TCA CCA ACC CCA-

30 (reverse).

Western Blot analysis

Cells lysate. Cells were lysed in lysis buffer (100 mM Tris/

HCl, 200 mM NaCl, 10% glycerol 1% Triton X-100 and

5 mM EDTA) containing anti-proteases, as described.38,39

Protein amounts were quantified with the Bradford assay

reagent from Bio-Rad (Hercules, CA). Extracts were sepa-

rated by electrophoresis on a denaturing, 8�12% poly-

acrylamide�sodium dodecyl sulphate (SDS) gel and

electrotransferred to nitrocellulose membranes. Mem-

branes were incubated with specific primary antibodies

[anti-ASC, anti-IL-1b purchased from Santa Cruz; anti-

NLRP3 (Cryo2) purchased from Adipogen; anti-caspase 1

p-20 (Genentech; kindly donated by Dario Zamboni,

University of S~ao Paulo)] and then incubated with appro-

priated horseradish peroxidase (HRP)-conjugated sec-

ondary antibody. Immunoreactive bands were visualized

by using an ECL detection system, as described by the

manufacturer (GE Healthcare, Piscataway, NJ). For load-

ing control, membranes were re-probed with anti-b-actin
(Sigma). For densitometric analysis, membranes were

scanned, quantified using Fiji imaging software, and nor-

malized by b-actin. Values are expressed as arbitrary units.

Supernatant. Cell culture supernatants were precipitated

by the addition of an equal volume of methanol and 0�25
volumes of chloroform, as described previously.40 These

mixtures were vortexed and then centrifuged for 10 min at

8960 g. The upper phase was discarded and 500 ml metha-

nol was added to the interphase. This mixture was cen-

trifuged for 10 min at 8960 g and the protein pellet was

dried at 55°, resuspended in Laemmli buffer and boiled for

5 min at 99°. Samples were separated by 12% SDS–poly-
acrylamide gel electrophoresis (PAGE) and were trans-

ferred onto nitrocellulose membranes. Blots were probed

with rat monoclonal-anti-mouse caspase-1 p20 antibody.

Co-immunoprecipitation

The co-immunoprecipitation was evaluated as previously

described.41 BMDMs (5 9 107 cells) were lysed in lysis

solution (0�5 M HEPES, 2�5 M NaCl, 0�5 M MgCl2, 0�5 M

EDTA, 1% Triton X-100, pH 7�4) containing anti-pro-

teases (Sigma Fast protease inhibitor tablets, Sigma-

Aldrich). Protein amounts were quantified using the

Bradford assay reagent from Bio-Rad (Hercules, CA).

One milligram of protein was incubated with anti-AnxA1

(Santa Cruz) for 30 min at 4° and then incubated with
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80 ll of protein G Sepharose 4 fast flow beads (GE

Healthcare) for 2 hr at 4°. Beads were washed, 50 ll of
Laemmli sample buffer was added to the beads, which

were then incubated for 10 min at 50°. Proteins were

subjected to SDS�PAGE, followed by electroblotting onto

nitrocellulose membranes and, finally, analysed by Wes-

tern blot. Anti-P-MYPT was used as immunoprecipitation

control (CT-).

Confocal analysis

After stimulation, BMDMs were recovered from the plate

and 5 9 105 cells were cytocentrifuged using Shandon

CytoSpin III (Thermo Shandon) in a coverslip. Cells were

fixed with 4% paraformaldehyde for 20 min at room

temperature, permeabilized with Triton X-100 0�1% for

10 min and intracellular stained with rabbit anti-AnxA1

(Santa Cruz) and mouse anti-NLRP3 (Adipogen) over-

night. Then, secondary anti-rabbit IgG Alexa Fluor 647

and anti-mouse IgG FITC were incubated for 1 hr, and

DAPI (1 : 1000; BD) was used to stain the nucleus.

Finally, coverslips were prepared with fluoromount

(Sigma-Aldrich) for confocal microscopy analysis. Images

were obtained using Nikon Eclipse Ti with a A1 confocal

head equipped with four different lasers (excitation at

four wavelengths: 405, 488, 546 and 647 nm) and emis-

sion bandpass filters at 450/50, 515/30, 584/50 and 663/

738 nm. Objective Plan Apo 60 9; scale bar: 100 lm. Z-

sections were also performed. Image analysis was per-

formed using Fiji imaging software and Volocity software

6.3 (Perkin-Elmer, Waltham, MA).

Statistical analysis

Results are expressed as means � SEM. Data were anal-

ysed by one-way ANOVA followed by Holm-Sidak’s multi-

ple comparison post-test, using Prism 7.0 software

(GraphPad, San Diego, CA), with significance accepted at

values of P < 0�05.

Results

AnxA1 is required for the release of IL-1b in vivo

To assess the effects of AnxA1 on the release of IL-1b, we
used two in vivo models, in which IL-1b is shown to be

implicated in the pathogenesis: Gout and Silicosis. WT

and AnxA1�/� mice were injected with an intra-articular

injection of uric acid crystals (MSU 100 lg/cavity) into

the tibiofemoral knee joint, and peri-articular tissues were

collected to measure IL-1b. To induce silicosis, mice were

instilled with silica (10 mg/40 ll) and lungs were col-

lected to measure IL-1b. In both models, WT mice

showed increased IL-1b levels after challenge; however,

IL-1b levels in both models were significantly lower in

AnxA1�/� mice (Fig. 1a,b). These data suggest that

AnxA1 may contribute to the release of IL-1b in vivo.

AnxA1 is required for NLRP3 inflammasome-
dependent IL-1b release

Next, we looked at the in vitro release of IL-1b by

BMDMs that were isolated from both WT and AnxA1�/�

mice. Cells were treated with the TLR4 agonist LPS alone

or in combination with the NLRP3 inflammasome activa-

tors (MSU, ATP or Silica), or a NLRC4 inflammasome

activator (Legionella), or an AIM2 inflammasome activa-

tor [deoxyadenylic-deoxythymidylic Poly(dA:dT)]. IL-1b
was secreted in large amounts by BMDMs obtained from

WT mice in response to LPS plus all stimuli tested

(Fig. 2a–d). However, secretion of IL-1b was significantly

lower in macrophages from AnxA1�/� when these were

activated with NLRP3 inflammasome activators, but not

NLRC4 (Legionella) or AIM2 activators [Poly(dA:dT)]

(Fig. 2a,b). Interestingly, secretion of TNF in response to

LPS was unaffected in AnxA1�/� BMDMs (Fig. S1).

These data suggest that the effect of AnxA1 on IL-1b
release seems to be specific for the NLRP3 inflamma-

some.

AnxA1 does not require FPR2

To investigate whether the effects of AnxA1 on the

NLRP3 inflammasome were dependent on AnxA1 recep-

tor FPR2, WT and FPR2/3�/� mice were injected with an

intra-articular injection of uric acid crystals (MSU 100

lg/cavity) into the tibiofemoral knee joint to induce gout,

and peri-articular tissue was collected to measure IL-1b.
In contrast to the phenotype found in AnxA1�/� mice,

FPR2/3�/� mice had increased levels of IL-1b, as com-

pared with WT mice (Fig. 3a). Moreover, we investigated

the IL-1b release in BMDMs from WT and FPR2/3�/�

mice after stimulation with LPS alone or in combination

with the NLRP3 inflammasome activators (MSU and

ATP). There was a significant increase of IL-1b release by

BMDMs derived from FPR2/3�/� mice when compared

with BMDMs derived from WT mice (Fig. 3b). Addition-

ally, BMDMs obtained from WT mice treated with

WRW4, a selective inhibitor of FPR2 receptor, showed

the same pattern of results: significant increase of IL-1b
release in WRW4-treated group when compared with

untreated macrophages (Fig. S2a).

To determine whether exogenous AnxA1 could recon-

stitute NLRP3-dependent IL-1b release, we treated

BMDMs from WT mice with the AnxA1 peptidomimetic

Ac2-26, and then stimulated the cells with LPS and MSU

or ATP. The treatment with Ac2-26 had no effect on IL-

1b release (Fig. 3c). Moreover, BMDMs obtained from

AnxA1�/� mice treated with Ac2-26 showed the same

results: no effect on IL-1b release in response to LPS and
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MSU or ATP (Fig. S2b). Together, these data suggest that

AnxA1 seems to be acting independently of FPR2 and in

an intracellular manner, once exogenously given Ac2-26

did not reverse NLRP3 activation.

AnxA1 contributes to NLRP3 inflammasome priming

The absence of AnxA1 specifically reduced NLRP3-depen-

dent IL-1b release, suggesting that AnxA1 could be

involved in NLRP3 inflammasome activation/or assembly

or influencing IL-1b production. To investigate this,

mRNA expression of Il-1b, Nlrp3, Asc and Caspase-1 was

assessed in BMDMs from WT and AnxA1�/� stimulated

with LPS. Although there was no significant effect of each

genotype on gene expression (Fig. 4a–d), there was a

trend for decreased expression of Il-1b and Nlrp3 in

BMDMs from AnxA1�/� mice (Fig. 4a,b). Furthermore,

the same trend was also observed for Il-1b mRNA expres-

sion in synovial tissue of AnxA1�/� mice injected with

MSU compared with WT mice (Fig. S3a). In order to

investigate if the priming process was TLR4 dependent,

we evaluated the release of IL-1b after priming BMDMs

from WT and AnxA1�/� with LTA, a TLR2 agonist. We

observed that IL-1b was secreted in both WT and

AnxA1�/� BMDMs, in response to LTA plus the NLRP3

stimuli tested (MSU or ATP). However, secretion of IL-

1b was significantly lower in AnxA1�/� macrophages after

priming with LTA (Fig. S3b), as it was observed after LPS

priming (Fig. 2a).

Next, we tested if the absence of AnxA1 affected trans-

lation and processing of proteins, which are pivotal for

NLRP3 inflammasome activation. Intracellular levels of

pro-IL-1b, NLRP3 and pro-caspase-1 protein were

reduced in BMDMs from AnxA1�/� as compared with

WT mice (Fig. 4e). In agreement with the data shown in

Fig. 2, no difference was observed on ASC protein. In

addition, to evaluate activation of inflammasome, levels

of cleaved-caspase-1 in the supernatant of BMDMs stimu-

lated with LPS, LPS + MSU or LPS + ATP were mea-

sured. There was a decrease in the release of cleaved-

caspase 1 in the supernatant from AnxA1�/� BMDMs

(Fig. 4e). Together, these data suggest that AnxA1 con-

tributes to NLRP3 inflammasome priming through

NLRP3-dependent processing of pro-IL-1b and pro-cas-

pase-1 associated with an effect on protein expression.

AnxA1 interacts with NLRP3

The data gathered so far revealed a critical role of AnxA1

in NLRP3 priming and assembly. Next, we evaluated
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whether AnxA1 interacted with NLRP3. Confocal analysis

of AnxA1 and NLRP3 staining in BMDMs from WT and

AnxA1�/� mice (Fig. 5a,b) showed co-localization of both

proteins after LPS treatment followed by MSU only in

BMDMs from WT mice (Fig. 5a). In order to demon-

strate the interaction between AnxA1 and NLRP3, z-
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sections were performed and a 3D video showed the co-

localization (Movie S1). To confirm whether AnxA1

interacted with NLRP3, we performed co-immunoprecipi-

tation (Co-IP) experiments using AnxA1 antibody in

BMDMs lysates from WT mice, after LPS priming plus

MSU. Co-IP revealed a direct interaction between AnxA1

and NLRP3 (Figs 6 and S4). These data suggest, for the

first time, that AnxA1 interacts with NLRP3 and may be

important for NLRP3 inflammasome priming and assem-

bly.

Discussion

Annexin A1 is a 37-kDa glucocorticoid-regulated protein

member of the annexin superfamily. It has been charac-

terized as an anti-inflammatory/proresolving protein due

to its actions in the modulation of the immune response.

In particular, AnxA1 limits neutrophil recruitment,

induces neutrophil apoptosis, enhances clearance of apop-

totic cells and modulates cytokine synthesis.5 The major-

ity of the pharmacological properties described for AnxA1

have been shown to be mediated through binding to

FPR2.42,43 The role of intracellular AnxA1 is poorly

understood. In this study, we investigated the production

of IL-1b in response to NLRP3 inflammasome activators

in the presence or absence of AnxA1. Our major findings

can be summarized as follows: (i) AnxA1 is required for

IL-1b release in response to NLRP3 activators; (ii) the

need for AnxA1 for IL-1b release in response to NLRP3

activators appears not to be dependent on its FPR2 recep-

tor; (iii) mechanistically, AnxA1 contributes to NLRP3

inflammasome priming and directly interacts with

NLRP3. Therefore, we have shown here that AnxA1

might be involved in NLRP3 priming and activation, reg-

ulating IL-1b release and modulating the immune

response.

Hannon et al. (2003) demonstrated that AnxA1-defi-

cient mice generated increased levels of IL-1b 2 hr after

zymosan injection in the peritoneum. However, this dif-

ference disappeared by 4 hr,27 suggesting that IL-1b levels

did not follow the kinetics of inflammation in AnxA1-de-

ficient mice. In addition, peritoneal macrophages from

AnxA1�/� mice presented delayed IL-1b release after LPS

stimulation, suggesting a dysregulated response of macro-

phages.44 Using NLRP3-dependent stimulate, we have

observed in two different models and compartments,

joint and lung, that AnxA1-deficient mice had impaired

IL-1b release at the peak of inflammation, suggesting that

AnxA1 was required, at least partially, for the increase of

IL-1b concentrations in a tissue.
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Secretion of IL-1b is tightly regulated. It is produced as

a precursor, pro-IL-1b, that needs to be proteolytically

cleaved into a mature and biologically active form, IL-1b.
To convert this cytokine, the activation of a cytosolic

protein complex called inflammasome is necessary. The

most studied inflammasome complex is NLRP3.45 How-

ever, depending on the insult, other PRRs can be acti-

vated to cleave pro-IL-1b.23,40,46 Here we observed that

AnxA1 is required for IL-1b release only after NLRP3

stimulation, suggesting that AnxA1 may specifically regu-

late IL-1b release by NLRP3. Indeed, other molecules

have been described for NLRP3-dependent IL-1b release,

such as macrophage inhibitory factor (MIF),25 micro-

tubule-affinity regulating kinase 4 (MARK4),47 NEK748

and Vimentin,26 which suggest that NLRP3 needs other

regulatory pathways in order to avoid deleterious effects.

Annexin A1 might be required for optimal activation

of macrophages, once AnxA1 was identified as a regulator

of TLR-induced IFN-b and CXCL10 secretion.49 Bits

et al. demonstrated that AnxA1 associated with TBK1, a

downstream signalling-associated molecule of the TRIF

signalling pathway, which was independent on FPR2.

Similar to these findings, our results demonstrated that

the impairment on IL-1b release was independent on the
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AnxA1 receptor. Indeed, our results showed that FPR2/3

knockout mice and pharmacological inhibition of FPR2

by using WRW4 led not to inhibition but an increase of

the levels of IL-1b. In fact, exogenous AnxA1 acting on

FPR2 may downmodulate the Myd88/NFjB pathway and

downregulate IL-1b secretion,50 although we found here

that pre-treatment of BMDMs with Ac2-26 had no effect

on IL-1b release.

For NLRP3 inflammasome activation, two distinct pro-

inflammatory stimuli are required. In the first step, TLR

signalling activates NF-jB and upregulates NLRP3 and

pro-IL-1b. In resting conditions, macrophages have low

levels of NLRP3 and pro-IL-1b.51 Here, we described that

AnxA1 is required for this first step of priming, once

AnxA1 knockout mice presented low proteins levels of

NLRP3, pro-caspase-1 and pro-IL-1b. Priming does not

change ASC expression,15 as we confirmed in our

result. The priming step is not only dependent on TLR4

stimulation, as TLR2 agonists can also work as a priming

signal activating NFjB-inducing transcription of pro-IL-

1b and NLRP3.15 The priming activation step is depen-

dent on NFjB activation. A previous study has demon-

strated that AnxA1 associated physically with NFjB.
AnxA1 interacted with p65 and recruited it to the nucleus

to trigger IL-1b transcription and caspase-1 cleavage to

affect the maturation of IL-1b.52 Similar to these findings,
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Figure 5. Annexin A1 (AnxA1) co-localizes with NLRP3. Bone marrow-derived macrophages (BMDMs) from wild-type (WT) and AnxA1�/� mice

were stimulated with lipopolysaccharide (LPS; 1 lg/ml) for 1 hr and then stimulated with uric acid crystals (MSU – 300 lg/ml - 4 hr). Cells were

collected and cytocentrifuged in a coverslip. After fixation and permeabilization, cells were stained with rabbit anti-AnxA1 (Santa Cruz) and mouse

anti-NLRP3 (Adipogen) overnight. Then, secondary anti-rabbit IgG Alexa Fluor 647, and anti-mouse IgG FITC were incubated for 1 hr, and DAPI
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our results showed that AnxA1 knockout mice had an

impaired post-transcriptional step.

It has been shown that AnxA1 regulates TNF mRNA

stability,53 suggesting that AnxA1 might participate in the

regulation of mRNA half-life from other cytokines and

could explain the mRNA levels observed here. However,

mRNA levels were not significantly different when com-

paring WT and AnxA1 knockout mice. The reason why

the mRNA levels did not follow the protein levels was

not clear, and previous studies have demonstrated similar

results to ours.54 Nevertheless, transcription-independent

roles of the priming signal have been recently shown.55

LPS can prime the NLRP3 inflammasome activation

independently of NLRP3 induction, once a short-term

pre-treatment with LPS did not change NLRP3 expres-

sion.56 Together, the priming step seems to be more

involved in licensing NLRP3 inflammasome activation

beyond the transcriptional level,57 and AnxA1 seems to

participate in this license step.

Annexin A1 is not only capable of binding phospho-

lipid-containing membranes, but also to mediate mem-

brane vesicle aggregation and interact with cellular

protein ligands.58 Analysis of AnxA1 proteins interactions

has identified 436 proteins associated with AnxA1 being

S100A9 and Vimentin two key AnxA1-interacted proteins

confirmed by Co-IP.59 Here, we have shown that AnxA1

directly interacts with NLRP3 by Co-IP. This interaction

seems to occur in the cytoplasm, as observed by the co-

localization of NLRP3 and AnxA1 in the confocal analy-

sis. It is important to highlight that vimentin also binds

to NLRP3, and might serve as a scaffold for the inflam-

masome by binding to one or more proteins in the

inflammasome complex.26 However, whether AnxA1

needs vimentin to bind to NLRP3 remains to be investi-

gated and is beyond the scope of this work.

Annexin A1 can bind to membrane phospholipids in a

Ca2+-dependent manner.58 Moreover, constitutive AnxA1

defines Ca2+ homeostasis, and any change in AnxA1 levels

can cause alteration of intracellular Ca2+ release.60 Inter-

estingly, the increased cytoplasmic Ca2+ promotes the

assembly of inflammasome.61 Our results suggest that

AnxA1 has a role not only on the priming step, but also

in the assembling step, which could be explained by

AnxA1 inducing changes in Ca2+ homeostasis. However,

the direct association of AnxA1, Ca2+ and NLRP3 assem-

bly should be better investigated.

In conclusion, the present study showed that AnxA1

plays a role in the production, processing and release of

IL-1b. The absence of AnxA1 resulted in reduced produc-

tion and release of IL-1b in response of NLRP3 stimulus.

Moreover, AnxA1 directly interacts with NLRP3, suggest-

ing that AnxA1 is involved in NLRP3 inflammasome

priming and assembly.
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