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Abstract

Objective and design Arthritic gout is caused by joint

inflammation triggered by the damaging effects of mono-

sodium uric acid (MSU) crystal accumulation in the

synovial space. Neutrophils play a major role in mediating

joint inflammation in gout. Along with neutrophils, other

immune cells, such as macrophages, are present in

inflamed joints and contribute to gout pathogenesis. Neu-

trophils form neutrophil extracellular traps (NETs) in

response to MSU crystals. In the presence of MSU crystals,

macrophages release IL-1b, a cytokine crucial to initiate

gout pathogenesis and neutrophil recruitment. Our research

investigated interactions between human macrophages and

neutrophils in an in vitro model system and asked how

macrophages affect NET formation stimulated by MSU

crystals.

Materials or subjects Human neutrophils and PBMCs

were isolated from peripheral blood of healthy volunteers.

PBMCs were differentiated into macrophages in vitro using

human M-CSF.

Treatment Human neutrophils were pretreated with mac-

rophage-conditioned media, neutrophil-conditioned media,

recombinant human IL-1b or anakinra prior to stimulation

by MSU crystals.

Method Interaction of neutrophils with MSU crystals was

evaluated by live imaging using confocal microscopy. The

presence of myeloperoxidase (MPO) and neutrophil

elastase (NE) was measured by ELISA. NET formation

was quantitated by Sytox Orange-based extracellular DNA

release assay and NE-DNA ELISA. AggNET formation

was assessed by macroscopic evaluation.

Results We found that crystal- and cell-free supernatants

of macrophages stimulated with MSU crystals promote

MSU crystal-stimulated NET formation in human neu-

trophils. This observation was confirmed by additional

assays measuring the release of MPO, NE, and the enzy-

matic activity of NE. MSU crystal-induced NET formation

remained unchanged when neutrophil supernatants were

tested. IL-1b is a crucial cytokine orchestrating the onset of

inflammation in gout and is known to be released in large

amounts from macrophages following MSU crystal stim-

ulation. We found that recombinant IL-1b strongly

promoted MSU crystal-induced NET formation in human

neutrophils. Interestingly, IL-1b alone did not induce any

NET release. We also found that clinical grade anakinra, an

IL-1 receptor blocker, strongly reduced the NETosis-en-

hancing effect of macrophage supernatants indicating that

IL-1b is mainly responsible for this effect.

Conclusions Macrophage-derived IL-1b enhances MSU

crystal-induced NET release in neutrophils. We identified a

new mechanism by which macrophages and IL-1b affect

neutrophil functions, and could contribute to the inflam-

matory conditions present in gout. Our results also revealed

a new anti-inflammatory mechanism of anakinra.
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PMN Polymorphonuclear neutrophils

IL-1b Interleukin-1 beta

PBMC Peripheral blood mononuclear cells

NLRP3 NACHT, LRR, and PYD domains-containing

protein 3

ROS Reactive oxygen species

MSU Monosodium urate

MPO Myeloperoxidase

NE Neutrophil elastase

HNE Human neutrophil elastase

M-CSF Macrophage colony stimulating factor

Introduction

Gout is a sterile inflammation of the joints mediated mainly

by infiltrated macrophages and polymorphonuclear neu-

trophilic granulocytes (PMN) driven by monosodium urate

(MSU) crystal deposition [1]. These innate immune cells

mistakenly recognize MSU crystals as dangers and undergo

unnecessary activation resulting in painful, tissue-damag-

ing inflammation [2]. While macrophages are the initiators

of the inflammatory cascade, PMN infiltration and activa-

tion play a major role in bringing inflammation to its full

expansion in gout [3–6]. IL-1b is a crucial and potent

proinflammatory cytokine which also orchestrates gouty

inflammation [7–9]. IL-1b is abundant in the synovial fluid

of gout patients [3]. Its central role in gout inflammation is

shown by successful IL-1b-inhibitory therapies [9–11].

Anakinra, a recombinant IL-1Ra protein, rilonacept, an IL-

1 receptor fusion protein, and canakinumab, an anti-IL-1b
antibody have all been shown to successfully treat acute

gout attacks [9]. The primary role of IL-1b in mediating the

inflammatory cascade in gout is thought to be its potent

effect to recruit PMNs to the synovial space [9, 12]. MSU

crystals activate the NLRP3 inflammasome and induce

release of IL-1b in macrophages [7]. We and others have

shown that MSU crystal-induced NLRP3 inflammasome

activation in macrophages requires calcium and NADPH

oxidase-independent production of reactive oxygen species

(ROS) [13–15]. Caspase-1 activated by the inflammasome

cleaves pro-IL-18 and pro-IL-1b forming bioactive

cytokines [16, 17].

Polymorphonuclear neutrophilic granulocytes are the

most abundant leukocytes during gout inflammation

reaching very high concentrations in the synovial fluid

[5, 18]. PMNs are known to engulf MSU crystals triggering

ROS production, cytokine release, and neutrophil extra-

cellular trap (NET) formation [5, 6, 18–20]. In a previous

study, we described robust NET release of human PMNs in

response to calcium pyrophosphate dihydrate (CPPD)

microcrystals, the causative agents of pseudogout, a

condition similar to gout [21]. NETs are composed of

extracellular DNA network associated with histones and

PMN granule proteins, including myeloperoxidase (MPO)

and neutrophil elastase (NE) [22]. NET formation in gout is

mistakenly initiated and leads to the release of dangerous

PMN cargo into the synovium. In gout, the primary

antimicrobial function of NETs (trapping extracellular

microbes) manifests in MSU crystal immobilization [5, 6].

MSU crystal-induced NET release requires autophagy,

NADPH oxidase-dependent ROS production, and RIP3K-

MLKL signaling pathway [5, 18, 23]. A recent study shed

new light on a potential anti-inflammatory role of NETs in

gout [5]. At high PMN densities, NETosed PMNs and

MSU crystals form ‘aggregated NETs’ (aggNETs), the

proposed basis of gouty tophi, a characteristic white

material that appears at the beginning of the resolution

phase of acute gout flares [5, 24]. Although our view on the

role of NETs in gout pathogenesis is improving, less is

known how the two most important cell types initiating and

mediating inflammation in gout, macrophages, and PMNs

interact.

Our study addressed the question how macrophages

influence NET formation stimulated by gout-causing MSU

crystals. Our data show that proinflammatory macrophages

stimulated with MSU crystals release mediators that cause

neutrophils to have over-exaggerated release of NETs

induced by the crystals. We also show that IL-1b is a

potent enhancer of NET formation and it is mainly

responsible for the NETosis-promoting effect of macro-

phages. We propose that macrophage- and IL-1b-enhanced
NET formation can be a novel contributor to gout

inflammation.

Materials and methods

Human subjects

De-identified healthy human volunteers were recruited at

the University of Georgia to donate blood. The studies

were performed according to the guidelines of the World

Medical Association’s Declaration of Helsinki. Enrolled

blood donors signed consent forms as described previously

[25, 26]. The human blood protocol (UGA# 2012-10769)

and the associated consent form were reviewed and

approved by the Institutional Review Board (IRB) of the

University of Georgia.

Human neutrophils and autologous serum

Human neutrophils were isolated as described previously

[21, 26]. Briefly, coagulation was prevented with heparin

and red blood cells were removed by Dextran
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sedimentation (GE Healthcare). Neutrophils were isolated

using five-step Percoll gradient centrifugation. Cell via-

bility was[98% (Trypan Blue, Sigma-Aldrich, St. Louis,

MO, USA) and neutrophil purity was[95% (cytospin and

flow cytometry). Autologous serum was prepared by cen-

trifugation and sterile filtration. Calcium- and magnesium-

containing HBSS (Mediatech, Manassas, VA, USA) sup-

plemented with 1% autologous serum, 5 mM glucose, and

10 mM HEPES was used as assay buffer.

PBMC isolation and in vitro macrophage

differentiation

Peripheral blood mononuclear cells were isolated from 65%

Percoll gradient interphase, washed twice with PBS, and

seeded at 2–3 million cells/well concentration in RPMI

medium supplemented with Glutamax (Gibco Thermo Fis-

cher, Waltham, MA, USA). The next day, media were

supplemented with 50 ng/ml M-CSF and 1% autologous

serum or FBS, and macrophages were differentiated for

5–7 days into M1 phenotype as described previously [13].

Macrophage supernatant collection (macrophage-

conditioned medium)

Differentiated macrophage cultures were primed with

10 lg/ml LPS for 30 min to mimic proinflammatory con-

ditions found in the gout synovium. Macrophages were

then washed 49 with HBSS to remove LPS and were

subsequently incubated with or without 250 lg/ml MSU

crystals for 5 h. Supernatants were collected and then spun

at 10,000 g for 5 min. The pellet was discarded; cell-,

crystal- and debris-free supernatants were frozen at

-80 �C and called the ‘macrophage-conditioned medium’.

Extracellular DNA release assay

Neutrophil extracellular traps were quantified essentially as

described previously [21, 27]. Briefly, PMNs were allowed

to adhere to poly D-lysine coated 96-well black transparent

bottom plates (Thermo Scientific, Rochester, NY, USA) in

assay buffer with 0.2% Sytox Orange (Life Technologies,

Grand Island, NY, USA). Fluorescence (excitation:

530 nm, emission: 590 nm) was measured in a fluores-

cence microplate reader (Varioskan Ascent, Thermo

Scientific) for 6 h at 37 �C. Increase in fluorescence nor-

malized on maximal value (saponin-treated PMNs) was

referred to as ‘‘extracellular DNA release’’ and expressed

as ‘‘% of max’’. The obtained relative fluorescence units

(RFU) were sometimes also normalized against PMA.

Confocal microscopy of NETs

As previously detailed [21, 26], 2 9 106 human neu-

trophils in assay medium were incubated for 4 h at 37 �C
with or without 100 nM PMA and 100 lg/ml MSU crystals

in 35 mm glass bottom dishes (MatTek, Ashland, MA,

USA) pre-coated for 1 h with 1% human serum albumin

(Sigma Aldrich, St Louis, MO, USA). 2.5 lM Sytox

Orange (Invitrogen, Grand Island, NY, USA) was added

prior to fluorescence imaging (exc/em: 547/570 nm).

Images were collected using a Nikon A1R confocal

microscope system equipped with a Nikon Eclipse Ti-E

inverted microscope, built in Perfect Focus, high-speed

motorization, and NIS Elements software (Nikon Instru-

ments, Melville NY, USA). Live cell imaging was carried

out using a Tokai Hit INY-G2A-TIZ incubator (Tokai Hit

CO, Ltd., Shizuoka-kenwith Japan) for temperature,

humidity, and CO2 control. The Coherent Sapphire 561 nm

20 mW laser was used to excite Sytox Orange using a CFI

Plan APO VC 60X Oil NA 1.4 WD 0.13 mm objective.

Optical sections of neutrophils were analyzed, Z-stacks

spanning 1 lm were acquired, and 3-D image reconstruc-

tions were processed using the Nikon NIS Element Version

4 software. Final image preparation was carried out using

Adobe Photoshop.

High-throughput live imaging of NET formation

A microplate-based NET imaging assay was established

using a motorized stage support of a confocal microscope.

PMNs were seeded at a concentration of 250,000 cells/well

in a 96-well plate Optical Btm Pit Polymer Base black

plate (Thermoscientific, Rochester, NY, USA). PMNs were

preincubated with 10 ng/ml IL-1b prior to imaging. PMNs

were then stimulated with 200 lg/ml MSU crystals for

16 h. Nikon A1R confocal microscope system with a 109

lens was used to capture transmitted light and fluorescence

images. A field of interest was chosen to perform imaging

and their position was defined using the NIS elements

software. The chosen field was a true representation of the

entire well. Images were taken every 15 min for 16 h using

automated capture component of the NIS elements soft-

ware. Mean Sytox Orange intensities of the fluorescent

images were quantified using the measure region-of-inter-

est (ROI) feature of the Nikon A1 Elements software. The

entire image which represented the field was selected as the

ROI. These measurements were used to calculate changes

in Sytox Orange intensities over time (DMean Sytox

Orange intensity). Samples were always run as three bio-

logical replicates.
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Measurement of AggNET formation

Visualization of aggregated NET formation was modified

after adaptation [5]. 1,000,000 PMNs in assay medium

were added in a 48-well plate with or without 1 mg/ml

MSU crystals at 37 �C with or without 10 ng/ml IL-1b.
Images of aggNETs were taken after 5 h incubation using

an inverted light microscope [5].

Elisa

Myeloperoxidase (MPO), IL-1b, or IL-8 levels were

quantitated using commercial ELISA kits from R&D sys-

tems (Minneapolis, MN, USA), Millipore (Billerica, MA,

USA), and BioLegends (San Diego, CA, USA), respec-

tively. Manufacturer’s instructions were followed for

sample dilutions and processing. 250,000 PMNs/well were

seeded in 24-well plates and stimulated with 250 lg/ml

MSU crystals in HBSS for up to 4 h at 37 �C. Cell super-
natants collected were either immediately processed or

stored (-80 �C) for later analysis. Undiluted supernatants

were used to measure IL-8 and IL-1b, whereas supernatants
were diluted 1:100 to determine MPO and HNE concen-

trations. HNE release was assessed as described [25, 26] by

ELISA using anti-HNE rabbit polyclonal antibody (Merck

Millipore, Billerica, MA). Supernatant samples diluted with

coating buffer (25 mM carbonate, 25 mM bicarbonate, pH

9.6) were incubated overnight at 4 �C in 96-well high-

binding microlon ELISA plates (Greiner bio-one, Fricken-

hausen, Germany). After blocking with 1% bovine serum

albumin (BSA) for 1 h, anti-rabbit mouse polyclonal Ab

(1:500 in PBS [Calbiochem], 481001 [Merck Millipore])

was added for 2 h at room temperature (RT). After repeated

washes, samples were incubated with horseradish peroxi-

dase-linked donkey anti-rabbit Ab (1:2000 in PBS,

NA934V; GE Healthcare) for 1 h. Yellow coloration of the

TMB substrate (Thermo Scientific, Rockford, IL, USA)

after the addition of 1 N hydrochloric acid (Sigma-Aldrich,

St. Louis, MO, USA) was read at 450-nm wavelength with

Eon microplate photometer (BioTek, Winooski, VT, USA).

Commercially available HNE (stock: 1 mg/ml; Cell Sci-

ences, Canton, MA, USA) was used as standard.

HNE-DNA ELISA

NETs were quantitated as described previously [25, 27].

Briefly, PMN supernatants were exposed to DNAse1

digestion for 15 min that was stopped by adding 2.5 mM

EGTA. Diluted supernatants and ‘‘NET standard samples’’

were added to 96-well high-binding microlon ELISA plates

(Greiner bio-one, Fricken-hausen, Germany) coated

with anti-HNE rabbit antibody. Horse radish peroxidase-

labeled anti-DNA secondary antibody (1:500 in PBS) was

added for 2 h followed by repeated washes. Absorbance of

the TMB substrate was read after addition of 1 N

hydrochloric acid at 450 nm with Eon microplate pho-

tometer (BioTek, Winooski, VT, USA). NET’s were

quantitated as percentage of the NET standard in the

undiluted supernatants.

Quantification of enzymatic activity

To measure HNE activity, the Neutrophil Elastase Activity

Assay Kit (Cayman Chemical Ann Arbor, MI, USA) was

used following manufacturer’s protocol. Briefly, super-

natants (50 ll) were placed into 96-well black plates.

Substrate (Z-Ala-Ala-Ala-Ala 2Rh110, cat no. 600613)

solution was added to assess elastase activity by measuring

production of the highly fluorescent product (compound

R110) using 485 nm excitation and 525 nm emission

wavelengths in microplate fluorimeter (Varioskan Flash,

Thermo Scientific). Data are expressed either as kinetics

(RFU) or endpoint values normalized on maximal (PMA-

stimulated) data.

Statistical analysis

Data are represented as mean ± SEM. p value was calcu-

lated with ANOVA and Dunnett’s or Tukey’s post hoc

tests, and was marked as * when p\ 0.05, ** when

p\ 0.01 and *** when p\ 0.001.

Results

Secreted neutrophil products do not affect MSU

crystal-induced NET release

PMNs release NETs in response to gout-causing MSU

crystals [5, 6, 18]. First, we exposed human PMNs to dif-

ferent doses of MSU crystals and measured NET formation

using the extracellular DNA-binding dye, Sytox Orange.

MSU crystals induced NET release in a dose-dependent

manner (Fig. 1a). An MSU crystal concentration of

100 lg/ml was required to trigger a minimal NET release

that is higher than the signal without crystals (Fig. 1a).

Throughout the manuscript, 100 or 250 lg/ml MSU crystal

doses were used that are significant and detectable but still

small enough to leave room to record any NETosis-en-

hancing effects.

To assess whether PMNs themselves promote NET

formation, we first stimulated human PMNs with MSU

crystals and collected supernatants after 5 h. Cells, debris,

and crystals were removed by centrifugation resulting in a

clean supernatant referred to as ‘‘PMN-conditioned med-

ium’’ that was kept frozen. This conditioned medium was
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then added to unchallenged PMNs isolated from another

donor in the presence or absence of MSU crystals and DNA

release was followed. As shown in Fig. 1b, the PMN-

conditioned medium did not affect NET formation indi-

cating that PMNs do not intrinsically accelerate MSU

crystal-induced NETs in a positive feedback fashion.

Macrophages release NETosis-enhancing mediators

upon MSU crystal stimulation

Since macrophages are present in the gout synovium in

large numbers and are responsible for initiating inflam-

mation [2], we repeated the same experiment as before

using macrophages, not PMNs, to collect the conditioned

medium. When this ‘‘macrophage-conditioned medium’’

was added to human PMNs, MSU crystal-induced DNA

release was significantly enhanced (Fig. 1c). Spontaneous

NET formation remained unaffected (Fig. 1c). These data

were also confirmed by confocal microscopy showing the

larger amount of three-dimensional extracellular DNA

release in the presence of macrophage-conditioned medium

than in its absence (Fig. 1d). These results indicate that

MSU crystal-exposed macrophages release secretory

products that strongly accelerate NET formation of PMNs

stimulated by MSU crystals.

Macrophage-conditioned medium increases

the release of primary granule markers and NETs

from MSU crystal-stimulated PMNs

Neutrophil extracellular traps are composed of an extracel-

lular DNA meshwork associated with histones and PMN

Fig. 1 Supernatants of macrophages, but not neutrophils, enhance

extracellular DNA release from MSU crystal-stimulated human

neutrophils. a Dose-dependence of MSU crystal-stimulated NET

release in human PMNs measured in the presence of the fluorescent,

extracellular DNA-binding dye, Sytox Orange. Mean ± SEM, n = 3.

b–d Human macrophages differentiated with M-CSF for 5–7 days or

neutrophils were exposed to 250 lg/ml MSU crystals for 5 h.

Collected supernatants were centrifuged to remove cells, crystals

and debris and referred to as ‘‘PMN-conditioned medium’’ or

‘‘macrophage-conditioned medium’’, respectively. The effects of

conditioned media on NET formation were subsequently tested on

human neutrophils stimulated in the absence (UT, untreated) or

presence (MSU) of 250 lg/ml MSU crystals by Sytox Orange-based

fluorescence. Fluorescence data were normalized on the 100 nM

PMA-triggered signal as the positive control for NET formation.

b ‘‘PMN-conditioned media’’ of neither MSU crystal-stimulated

(MSU PMN) nor untreated neutrophils (UT PMN) had any significant

effect on NET release (No Sup). Mean ± SEM, n = 4, Dunnett’s

test. c ‘‘Macrophage-conditioned media’’ of MSU crystal-stimulated

macrophages (MSU MAC) significantly increased NET formation in

comparison to that seen in the absence of conditioned media (No

Sup). Conditioned media of macrophages without crystal stimulation

(UT MAC, untreated) had no significant effect. Mean ± SEM,

n = 11, Dunnett’s test. d Representative confocal microscopy images

of MSU crystal-stimulated human neutrophils show enhanced DNA

release (Sytox Orange) by the MSU crystal-stimulated macrophage-

conditioned media compared (right panels) to that without addition of

conditioned media (left panels) (n = 3). (1) Merged images of

transmitted light and Sytox Orange fluorescence and (2) three-

dimensional Z-stack fluorescent images are shown for both experi-

mental conditions. Black bars indicate 10 lm distance. RFU relative

fluorescence unit, PMA phorbol myristate acetate, MAC macrophage,

PMN neutrophil, MSU monosodium urate, n.s. not significant;

****p\ 0.0001
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granule components, such as myeloperoxidase (MPO) and

neutrophil elastase (NE) [22]. The definition of NETs

requires the detection of DNA–protein complexes charac-

teristic for NETs. First, we confirmed that we can detect

MPO (p = 0.0469) and HNE (p = 0.0694) by ELISA in the

supernatants of human PMNs after MSU crystal stimulation

(Fig. 2a, b). Second, we observed that addition of macro-

phage-conditioned medium significantly enhanced MSU

crystal-induced MPO (p\ 0.0001) and HNE (p = 0.0003)

release (Fig. 2a, b). To prove that released MPO and DNA

are present in a complex defining NETs, we utilized an

ELISA developed in our laboratory capable of quantitating

NET-specific MPO-DNA complexes [25, 27]. MSU crystals

initiatedNET release that was further enhanced bymediators

secreted by macrophages (Fig. 2c). Overall, our results

presented so far describe a novel mechanism by which NET

formation is enhanced in PMNs by macrophages.

IL-1b potentiates MSU crystal-induced DNA release

from PMNs

As the next step, we aimed at identifying which macro-

phage-secreted component is responsible for the NETosis-

enhancing effect. Macrophages have been described to

release several cytokines and other inflammatory mediators

upon MSU crystal exposure [2]. IL-1b was our primary

suspect potentially responsible for the NET-promoting

effect of macrophages, because IL-1b is a central cytokine

orchestrating gout inflammation and it is released in copi-

ous amounts from MSU crystal-stimulated macrophages

[2, 7, 9]. We confirmed that differentiated macrophages

produced IL-1b upon MSU crystal activation in our hands,

as well (Fig. 3a). Human PMNs failed to release any

detectable IL-1b (Fig. 3a). We stimulated human PMNs

with MSU crystals in the presence of recombinant human

IL-1b and measured extracellular DNA release. While IL-

1b had only a minimal NETosis-enhancing effect when

100 lg/ml MSU crystals were used, it strongly amplified

NET formation in a dose-dependent manner when 250 lg/
ml MSU crystal concentration was applied (Fig. 3b, c). The

highest dose of IL-1b enhanced NET formation to the

extent observed with the positive control PMA (Fig. 3b, c).

Interestingly, IL-1b alone (without MSU crystals) did not

induce NET release (Fig. 3b, c). Lower doses of MSU

crystals were chosen to be used in these experiments that

allow detection of any potential, NETosis-enhancing effect

of IL-1b. These results indicate a novel effect of IL-1b, a
central cytokine in gout inflammation, on PMN activation

by MSU crystals.

IL-1b enhances MPO, HNE, and NET release

following MSU crystal stimulation

To confirm that the DNA release-promoting effect of IL-1b
is also accompanied by enhanced levels of released granule

markers and NETs, we quantitated MPO, HNE, HNE-

DNA, and HNE enzymatic activity levels in supernatants

of MSU crystal-induced PMN in the absence or presence of

IL-1b. We found that IL-1b significantly promoted the

release of MPO and HNE from human PMNs after MSU

crystal stimulation (Fig. 4a, b, p\ 0.05 in each combina-

tion between untreated and MSU crystal-treated samples).

In addition, HNE remained enzymatically active and bound

to DNA in PMN supernatants after MSU crystal activation

(Fig. 4c, d). These data are in accordance with those pre-

sented in Fig. 3, indicating that IL-1b alone does not

Fig. 2 Macrophage supernatants increase MPO, HNE, and NET

release from human neutrophils following MSU crystal stimulation.

Differentiated human macrophages were exposed to 250 lg/ml MSU

crystals for 5 h to collect and centrifuge their supernatants. This

‘‘macrophage-conditioned medium’’ (MSU MAC) was added to MSU

crystal-stimulated human neutrophils and releases of a MPO (n = 9),

b HNE (n = 9) and c NETs (MPO-DNA complexes, n = 6) were

quantitated by ELISA assays (mean ± SEM, Dunnett’s test). As

comparisons, PMNs were also treated with mock only (No MAC) or

supernatants of macrophages without crystal stimulation (UT MAC,

untreated). MPO myeloperoxidase, HNE human neutrophil elastase,

MAC macrophage. *p\ 0.05; **p\ 0.01; ***p\ 0.001
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Fig. 3 IL-1b promotes DNA release from human neutrophils stim-

ulated with MSU crystals. a MSU crystal stimulation resulted in IL-

1b release in human macrophages (MF) but not in human PMNs as

measured by ELISA. Mean ± SEM, n = 4. Student’s t test. b Fol-

lowing treatment with increasing doses of recombinant human IL-1b,
human neutrophils were left unstimulated or were stimulated with 100

or 250 lg/ml MSU crystals and DNA release was measured in the

presence of the membrane-impermeable DNA-binding dye, Sytox

Orange. DNA release over 4 h was presented as endpoint values

(mean ± SEM, n = 3). c Kinetics of the previous experiment

(b) (one representative, n = 4). Fluorescence data were normalized

on the maximal signal obtained by stimulation with 100 nM PMA.

RFU relative fluorescence unit, MSU monosodium urate, UT

untreated, PMA phorbol myristate acetate, n.s. not significant;

*p\ 0.05; ***p\ 0.001; ****p\ 0.0001

Fig. 4 IL-1b enhances MSU

crystal-stimulated releases of

MPO, HNE, and NETs from

human neutrophils. Human

neutrophils were treated with

recombinant human IL-1b
(0–5 ng/ml) prior to addition of

250 lg/ml MSU crystals.

Neutrophils were also left

unstimulated (UT, no crystals).

Five hours later, the following

parameters were quantitated in

the supernatants: a MPO by

commercial ELISA (n = 5),

b HNE by ELISA (n = 9),

c NETs (HNE-DNA ELISA,

n = 7), and d HNE activity by

commercial kit (n = 7). NET

release values were normalized

on PMA (100%). Data are

shown as mean ± SEM

Significance was calculated

using Dunnett’s test. *p\ 0.05;

**p\ 0.01. MPO

myeloperoxidase, HNE human

neutrophil elastase, PMA

phorbol myristate acetate
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induce NET formation, but it significantly promotes NET

release triggered by MSU microcrystals.

Imaging the NET-promoting effect of IL-1b by high-

throughput confocal live microscopy

Next, we performed high-throughput imaging to visualize

NET formation real-time using confocal microscopy. This

method developed in our laboratory enables simultaneous

imaging of NET-forming live PMNs on a 96-well-based for-

mat in presence of Sytox Orange. Recorded videos allow

spatiotemporal resolution of the NET-forming process, while

kinetic data enable concomitant quantitative comparisons.

The recorded videos confirmed the previous data. IL-1b
alone did not induce DNA release, while MSU crystals

triggered NET formation (Fig. 5a, b). Addition of IL-1b to

MSU crystals resulted in more robust NET release than

MSU crystals alone (Fig. 5a, b). In addition, video

recordings show that PMNs start to aggregate soon after

MSU crystal exposure (Fig. 5a). This microaggregate

formation is unique to MSU crystals among NET-inducing

stimuli and forms the microscopic basis of later, macro-

scopic aggNET formation.

IL-1b enhances aggregated NET formation

Monosodium urate crystals induce the formation of

aggregated NETs (aggNET) at higher PMN densities that

provide the structural basis of gout tophi [5]. Since

aggNET formation depends on MSU crystal-induced

NET release that is enhanced by IL-1b, we wanted to

study how IL-1b affects aggNET formation. Human

PMNs at higher cell density were exposed to enhance

MSU crystal dose (1 mg/ml) modeling peak phases of

gout inflammation [5]. As shown in Fig. 5c, MSU crys-

tals initiated aggNET formation that was further

enhanced by IL-1b, as assessed by light microscopy.

Thus, acceleration of MSU crystal-triggered NET release

by IL-1b also leads to faster and more robust aggregated

NET formation in vitro.

Fig. 5 IL-1b increases MSU crystal-induced aggregated NET for-

mation. 250,000 human PMNs/well were incubated in wells of a

96-well microplate with IL-1b (10 ng/ml) and stimulated with

100 lg/ml MSU crystals or 100 nM PMA for 15 h in the presence

of the extracellular DNA-binding dye, Sytox Orange. Interactions of

PMNs and crystals were followed using confocal microscopy every

15 min. a Representative images taken at t = 0, 2, 4, 6 h are shown

(n = 3). Black bars indicate 100 lm distances. Insets indicated by

white frames are enlarged on the right side. b Representative kinetics

of Sytox Orange fluorescence curves followed for 8 h (n = 3,

mean ± S.D. at each timepoint). c AggNET formation was evaluated

by light microscopy after a 5-h incubation of human PMNs with

1 mg/ml MSU crystal in the presence or absence of 10 ng/ml human

IL-1b (one representative image, n = 3). MSU monosodium urate,

aggNET aggregated NETs, RFU relative fluorescence unit
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Anakinra abolishes the NET-promoting effect

of macrophages

To prove that IL-1b is the main component found in

macrophage supernatants promoting MSU crystal-induced

NET release, we pretreated PMNs with clinical grade

anakinra, an IL-1R antagonist, prior to addition of MSU

crystals and macrophage supernatants. Supernatants were

collected from macrophages obtained from nine indepen-

dent volunteers (donors #4–12) and were tested in groups

of three on PMNs isolated from three, additional blood

donors (donors #1–3) (Fig. 6a). Although we experienced

donor-to-donor variations (Fig. 6a), anakinra generally

efficiently inhibited the NET-enhancing effect of the MSU

crystal-stimulated macrophage supernatants (Fig. 6b).

Anakinra treatment resulted in a 76.5 ± 6.3% (mean ±

SEM, n = 12) inhibition of the signal (Fig. 6b). Thus, we

described a novel effect of anakinra that could be a sig-

nificant component of its in vivo mechanism of action.

Discussion

In line with previous reports of other groups, we confirmed

that gout-causing MSU crystals elicit robust NET forma-

tion in human PMNs in vitro [5, 18, 23, 28].

Concentrations of MSU crystals higher than 100 lg/ml

induce a significant extracellular DNA release in PMNs.

The 100–1000 lg/ml MSU crystal dose range used here

represents pathophysiological concentrations found in the

synovial fluid of gout patients [5]. Therefore, the in vitro

findings described here likely have human in vivo clinical

relevance.

PMN-conditioned media did not alter MSU crystal-in-

duced NET release indicating that PMNs themselves do not

secrete any inflammatory mediators that would promote

NET formation in a positive feedback fashion. Macro-

phages, however, were found to significantly enhance NET

release following MSU crystal exposure in PMNs. The

interaction between PMNs and macrophages is an essential

component of gout inflammation in joints [16, 29]. It is

known that resident macrophages at the synovium repre-

sent the first cell type to come in contact with MSU

microcrystals and release several cytokines that attract

additional macrophages and PMNs to the site of inflam-

mation [16, 29]. The previous reports described how

macrophages react to already formed NETs [30–32], but

their NETosis-enhancing effect described here is a new

finding that adds to the complex interplay between mac-

rophages and PMNs.

Results shown here suggest that IL-1b is the major

macrophage-derived molecules promoting NET formation.

These results complement previously published data

showing that gout synovial fluid supernatants promote

spontaneous NET release in human PMNs that are partially

inhibited by anakinra [18]. MSU crystal stimulation of

macrophages leads to NLRP3 inflammasome activation

and production of the proinflammatory cytokine IL-1b
[1, 7]. IL-1b initiates PMN chemotaxis that is thought to be

the main mediator of PMN influx to the synovium in gout

Fig. 6 Anakinra inhibits the NET-enhancing effect of macrophage

supernatants. a Macrophages were isolated and differentiated as

described from nine independent donors (donors #4–12) and macro-

phage-conditioned media were collected when cells were left

untreated (UT, no crystals) or stimulated with 250 lg/ml MSU

crystals for 5 h (MSU). Supernatants were cleaned, frozen, and used

in groups of three on PMNs isolated from three independent blood

donors as indicated. PMNs were pretreated with 30 mg/ml anakinra

for 1 h before addition of 100 lg/ml MSU crystals and/or

macrophage supernatants. EcDNA release was measured in PMNs

for 6 h following stimulation by the crystals using Sytox Orange dye.

Results are expressed as percentage of maximal DNA release and

shown as mean ± S.D. of triplicates. b Data shown in a were further

analyzed by calculating the MSU crystal-induced DNA release signal

and its averages. Data are shown as mean ± SEM (n = 12) and were

analyzed by one-way ANOVA and Tukey’s post hoc test. *p\ 0.05;

***p\ 0.001. MAC macrophage, PMN neutrophil, UT untreated
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[7]. Accumulating data suggest more complex mechanisms

by which macrophages interact with PMNs in gout indi-

cating that macrophage-derived IL-1b not only attracts

PMNs to the site of inflammation, but it also accelerates the

release of PMN-derived inflammatory mediators, including

NETs. Not only caspase-1 but neutrophil elastase can also

cleave pro-IL-1b producing bioactive IL-1b [3, 33]. This

mechanism would accelerate inflammation, since IL-1b
would enhance its own activation by stimulating PMNs to

release NET-related proteases. Data shown here also pro-

pose that targeting IL-1b in gout in vivo fulfills its

beneficiary effects not only through diminished PMN

recruitment but also via attenuated PMN activation by

MSU crystals.

Interestingly, IL-1b alone does not induce NETs in our

hands, but it enhances NET release induced by MSU

crystals. Whether this observation is unique to MSU

crystals or it is also true for other NET-triggering stimuli,

such as bacteria, fungi, or other microcrystals, remains to

be investigated. Several potential mechanisms could

underlie the NETosis-enhancing effect of IL-1b. IL-1b
could increase NET formation by its known beneficiary

effect on the activation of the NADPH oxidase [34, 35].

The NADPH oxidase is required for MSU crystal-induced

NET formation [5]. IL-1b could enhance the phosphory-

lation of the oxidase subunits or their expression. This

mechanism is likely because human PMNs of IRAK4- or

NEMO-deficient patients with impaired TLR/IL-1R sig-

naling have reduced NADPH oxidase priming and

activation [36]. IL-1b is a known chemoattractant for

PMNs [37]. Although it remains to be studied, a migratory

component of MSU crystal-induced NET/aggNET forma-

tion is likely that could be promoted by IL-1b.
At the same time, IL-1b also promotes aggNET for-

mation, a novel mechanism proposed to shut down acute

inflammation in gout [5]. The highly concentrated protease

activity of aggNETs degrades several proinflammatory

cytokines, including IL-1b, putting a break on the inflam-

matory process [5]. Therefore, our results implicate that

enhancing the aggNET-promoting mechanism of IL-1b
offers a novel anti-inflammatory strategy and could have

therapeutic benefits.

Although IL-1b is the major proinflammatory molecule

released by macrophages promoting gout inflammation,

other secretory products could also promote NET forma-

tion. IL-8, C5a, G-CSF, IFN-c, and TNF-a have all been

reported to promote NET formation [5, 21, 38–40]. G-CSF

is indispensable for neutrophil functions [41] and assists in

the NETosis process [16, 28, 42]. TNF-a is released during

the acute phase of gout and can trigger a NET response

[16, 21, 28, 39, 42]. The potential contributions of these

inflammatory mediators to the NETosis-enhancing effect

of macrophages remain to be studied in the future.

In summary, our data presented here provide a new link

between macrophages and PMNs, two important innate

immune cell types mediating the general and pathological

inflammatory pathways. IL-1b is a major player in gout,

and NET formation promoted by IL-1b could contribute to

gouty inflammation.
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