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Urate Crystals
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P2Y6 Receptor Antagonist MRS2578 Inhibits Neutrophil
Activation and Aggregated Neutrophil Extracellular Trap
Formation Induced by Gout-Associated Monosodium
Urate Crystals

Human neutrophils (polymorphonuclear leukocytes [PMNs]) generate inflammatory responses within the joints of gout patients
upon encountering monosodium urate (MSU) crystals. Neutrophil extracellular traps (NETs) are found abundantly in the synovial
fluid of gout patients. The detailed mechanism of MSU crystal–induced NET formation remains unknown. Our goal was to shed
light on possible roles of purinergic signaling and neutrophil migration in mediating NET formation induced by MSU crystals.
Interaction of human neutrophils with MSU crystals was evaluated by high-throughput live imaging using confocal microscopy.
We quantitated NET levels in gout synovial fluid supernatants and detected enzymatically active neutrophil primary granule
enzymes, myeloperoxidase, and human neutrophil elastase. Suramin and PPADS, general P2Y receptor blockers, and MRS2578,
an inhibitor of the purinergic P2Y6 receptor, blocked NET formation triggered by MSU crystals. AR-C25118925XX (P2Y2
antagonist) did not inhibit MSU crystal–stimulated NET release. Live imaging of PMNs showed that MRS2578 represses neutrophil migration and blocked characteristic formation of MSU crystal–NET aggregates called aggregated NETs. Interestingly, the
store-operated calcium entry channel inhibitor (SK&F96365) also reduced MSU crystal–induced NET release. Our results
indicate that the P2Y6/store-operated calcium entry/IL-8 axis is involved in MSU crystal–induced aggregated NET formation,
but MRS2578 could have additional effects affecting PMN migration. The work presented in the present study could lead to a
better understanding of gouty joint inflammation and help improve the treatment and care of gout patients. The Journal of
Immunology, 2017, 198: 428–442.

G

out is an inflammatory disease of the joints caused by an
innate immune response to monosodium urate (MSU)
crystal deposition within the synovial space. Gout affects
millions of patients globally (1). The prevalence of gout and its
associated comorbidities (such as diabetes, kidney disease, and
cardiovascular disorders) has increased during the past decade
(2–4) and is expected to rise in the future (5). Crystal deposition
triggers gout inflammation that is driven by the proinflammatory
cytokine IL-1b and accumulation of polymorphonuclear leukocytes (PMNs) (6–12).
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MSU microcrystals cause mechanical shear and tearing of the
adjoining synovial tissues, (9, 11, 13) and this damage alerts leukocytes, which start infiltrating the site (14). Macrophages produce
IL-1b in response to the MSU crystals by activating the NLRP3
inflammasome (7, 8). IL-1b is a proinflammatory cytokine (15–17).
Upon activation by MSU crystals, PMNs produce reactive oxygen
species, release granule proteins such as myeloperoxidase (MPO)
and human neutrophil elastase (HNE), and form neutrophil extracellular traps (NETs) (6–8). MPO and HNE are packaged in PMNs
in primary granules and can be released by degranulation or NET
formation (2, 18–22). NET formation is an antimicrobial mechanism by which PMNs trap pathogens (18–20). Uncontrolled NET
formation, however, has been associated with several diseases,
including gout (6, 8). During NET formation, the PMN nucleus undergoes delobulation and decondensation (21). The nuclear membrane
disassembles, granules disintegrate, and the cytoplasmic and nuclear
contents fuse (22). Citrullination of histones H3 and H4 by peptidyl
arginine deaminase 4 (PAD4) is an important step leading to nuclear
decondensation (18–20, 23, 24).
Although PMNs represent the most abundant leukocytes during
gout inflammation, reaching a concentration of 108/ml in the synovial
fluid (SF) (6), their role in the complex pathogenesis of gout has been
unclear. A recent study by Schauer et al. (6) shed light on the dual role
of PMNs in gout. In addition to their proinflammatory role in initiating
and mediating inflammation in gout, PMNs also play a proposed
subsequent anti-inflammatory role in limiting acute flares (6). PMNs
and MSU crystals accumulate to form high-density consolidated
structures called aggregated NETs (aggNETs) that limit inflammation
in gout (6, 25). AggNETs set the stage for gouty tophi formation, a
characteristic white material that appears at the beginning of the
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sedimentation (GE Healthcare, Atlanta, GA). PMNs were isolated using
Percoll (Sigma-Aldrich) gradient centrifugation. Cell viability was determined by trypan blue dye extrusion (.98%). PMN purity was assessed by
cytospins and flow cytometry. The characterization confirmed .95% purity. Autologous serum was prepared by centrifugation and sterile filtration. Calcium- and magnesium-containing HBSS (Mediatech, Manassas,
VA) supplemented with 1% autologous serum of the PMN donor, 5 mM
glucose, and 10 mM HEPES was used as an assay buffer. Human PMNs
were identified on the basis of the scattering pattern and also staining with
CD16 and CD66abce-PE Abs (Miltenyi Biotec, San Diego, CA) using LSR
II flow cytometer and BD FACSDiva v6 software.

SF samples
SF samples were acquired from patients diagnosed with gout or osteoarthritis (OA) under protocols that were approved by the Stanford University
Institutional Review Board and included the informed consent of the
subjects. Samples of SF from actively inflamed large or medium joints were
obtained by needle aspiration performed by a board-certified rheumatologist
at the VA Palo Alto Healthcare System or Stanford Hospital and Clinics
(both in Palo Alto, CA). Grossly bloody fluid was excluded from analysis.
SF was centrifuged at 1000 3 g for 10 min, and supernatants were removed
and frozen at 280˚C until they were later used for the experiments described
below. The diagnosis of gout was confirmed by identification of negatively
birefringent intracellular needle-shaped MSU crystals on microscopic examination of SF under polarizing light microscopy. The diagnosis of OA was made
as defined by the 1986 American College of Rheumatology (46).

Extracellular DNA release
NETs were quantified essentially as described (47, 48). Briefly, PMNs were
allowed to adhere to poly-D-lysine–coated 96-well black transparentbottom plates (Thermo Scientific, Rochester, NY) in assay buffer with
0.2% Sytox Orange (Life Technologies, Grand Island, NY). PMNs were
then exposed to 250 mg/ml MSU crystals. Fluorescence (excitation, 530
nm; emission, 590 nm) was measured in a fluorescence microplate reader
(Varioskan Ascent; Thermo Scientific) for 6 h at 37˚C. Increase in fluorescence normalized on maximal value (saponin-treated PMNs) was referred to as extracellular DNA release and was expressed as percentage of
maximum. Alternatively, results were also normalized against PMA.

Measurement of aggNET formation

Materials and Methods
Materials
Stock solutions of suramin [8,89-(carbonylbis(imino-4,1-phenylenecarbonylimino4,1-phenylenecarbonylimino))bis-1,3,5-naphthalenetrisulfonic acid] (P2Y
inhibitor, 300 mM; Sigma-Aldrich, St. Louis, MO), MRS2578 (P2Y6 inhibitor, 5–10 mM; Sigma-Aldrich), PPADS (P2Y inhibitor, 200 mM; Tocris
Bioscience, Minneapolis, MN), AR-C118925xx (P2Y2 antagonist, 1 mM;
Tocris Bioscience), and a neutrophil elastase inhibitor [1-(3-methylbenzoyl)1H-indazole-3-carbonitrile, C16H11N3O; Cayman Chemical, Ann Arbor, MI)
were prepared in DMSO. Sources for other reagents are as follows: saponin,
cytochalasin B, ATP, ADP, adenosine, and UDP were purchased from
Sigma-Aldrich. Additional reagents, their sources, and final doses used were
SK&F96365 (store-operated calcium entry [SOCE] inhibitor, 100 mM;
Tocris Bioscience), lucigenin (100 mg/ml; Cayman Chemical), human
recombinant IL-8 (250 pg/ml, Cell Sciences, Canton, MA), anti-MPO Ab
(Millipore, Billerica, MA), anti-HNE Ab (Calbiochem, Billerica, MA),
Sytox Orange (Life Technologies, 2.5 mM; Invitrogen, Carlsbad, CA),
3,39,5,59-tetramethylbenzidine (TMB; Thermo Scientific, Waltham, MA),
MSU crystals (InvivoGen, Carlsbad, CA), BSA (HyClone, GE Healthcare
Life Sciences, Logan, UT), PBS (Thermo Scientific, Fremont, CA), and
PMA (Sigma-Aldrich).

Human subjects
Healthy human volunteers were recruited anonymously 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 with appropriate introduction
as described previously (44, 45). The human blood protocol (University of
Georgia protocol no. 2012-10769) and the consent form were reviewed and
approved by the Institutional Review Board of the University of Georgia.

Preparation of human neutrophils and autologous serum
Human PMNs were purified as described previously (45). Briefly, coagulation was prevented with heparin and RBCs were removed by dextran

One million PMNs resuspended in assay medium were seeded in a 48-well plate
with or without 1 mg/ml MSU crystals at 37˚C with 10 mM MRS2578 or 0.1%
(v/v) DMSO. Images of aggNETs were taken after overnight incubation (6).

Quantification of enzymatic activities
To measure HNE activity, a neutrophil elastase activity assay kit (Cayman
Chemical) was used following the manufacturer’s protocol. Briefly, supernatants (50 ml) were placed into 96-well black plates. Substrate
(Z-Ala-Ala-Ala-Ala 2Rh110, catalog 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 a fluorescence plate reader (Varioskan Flash; Thermo Scientific). Data are expressed either as kinetics or endpoint values normalized
on the maximal (PMA-stimulated) signal.
Peroxidase activity was measured by hydrogen peroxide–dependent
oxidation of Amplex Red (Molecular Probes, Eugene, OR). Undiluted
PMN supernatants (50 ml) were added to 96-well nontransparent black
microplates (Costar, Corning, NY) and mixed with assay solution containing 100 mM Amplex Red and 100 mM hydrogen peroxide (SigmaAldrich). Production of the fluorescent product was measured with a
fluorescence plate reader (Varioskan Ascent; Thermo Scientific) after 30
min at 560-nm excitation and 590-nm emission wavelengths. Known MPO
concentrations (stock, 125 ng/ml MPO; R&D Systems, Minneapolis, MN)
were used as the standard to determine peroxidase activities of unknown
samples. Results are expressed as equivalent nanograms per milliliter MPO
activity. This data presentation was preferred (instead of showing unit
enzymatic activities per time and volume) to compare MPO concentration
and activity in PMN supernatants.

Live imaging of NET formation using confocal microscopy
Human PMNs (2 3 106) in assay medium were incubated for 4 h at 37˚C
with or without 100 nM PMA or 100 mg/ml MSU crystals in 35-mm glassbottom dishes (MatTek, Ashland, MA). The dishes were precoated for 1 h
with 1% human serum albumin (Sigma-Aldrich) in HBSS. At the end of
the incubation, 10 mM Sytox Orange (547–570 nm) (Invitrogen, Grand
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resolution phase of acute gout flares (6, 26). Although NET formation plays a unique role in the mechanism of gout inflammation,
its cellular and molecular mechanisms are not well understood. At
this point, the phagocytic NADPH oxidase and the RIPK1–RIPK3–
MLKL signaling pathway have been implicated in MSU crystal–
stimulated NET formation (6, 27).
NET formation is a cell death mechanism during which PMNs
release several intracellular molecules. Uric acid is a by-product of
purine metabolism that causes gout (2). The breakdown of purines
results in the formation and accumulation of ectonucleotides such
as ATP, UTP, or UDP that are recognized as danger signals by
cells (28–32). Immune cells, including PMNs, macrophages, and
T cells, respond to extracellular nucleotides via purinergic receptors (31, 32). Extracellular nucleotides and purinergic receptors are involved in various PMN functions such as migration,
degranulation, and reactive oxygen species formation (33). Their
role in NET release has not been investigated yet. Recent data
show that MSU microcrystals signal through the purinergic P2Y6
receptor in THP1 macrophages and human keratinocytes (28). The
P2Y6 receptor has high affinity for UDP and is involved in IL-8–
mediated chemotaxis of leukocytes (30, 32, 34, 35). In inflammatory bowel disease, P2Y6 receptor activation causes stimulation of IL-8 expression in the intestinal epithelium, which leads to
PMN recruitment (36). Previous studies show that MRS2578, a
potent and specific P2Y6R antagonist, inhibits IL-8 and IL-6
release in PMNs stimulated by defensins (37–43). Thus, we hypothesized that the P2Y6 receptor is required for MSU crystal–
induced NET formation in human PMNs.
We show in the present study that MRS2578 hinders MSU
crystal–triggered PMN activation and NET formation. Understanding the processes involved in inhibition of NET formation via P2Y6R signaling can help advance current gout
therapeutics.
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Island, NY) was added prior to imaging. Images were collected using a
Nikon A1R confocal microscope system equipped with the Perfect Focus
System, high-speed motorization, and NIS-Elements software (Nikon Instruments, Melville, NY). Live cell imaging was carried out using a Tokai
Hit INY-G2A-TIZ incubator (Tokai Hit, Shizuoka-ken, Japan) that controlled for temperature, humidity, and CO2. The imaging was performed
every 15 min for 16 h. The Coherent Sapphire 561-nm, 20-mW laser was
used to excite Sytox Orange using a CFI Plan APO VC 360 oil (numerical
aperture, 1.4; working distance, 0.13 mm) objective. Z-stacks were acquired and three-dimensional image reconstructions were processed using
the Nikon NIS-Elements version 4 software. Final image preparation was
carried out using Adobe Photoshop.

PMNs were seeded at a concentration of 250,000 cells/well in a 96-well
optical-bottom pit polymer base black plate (Thermo Scientific). PMNs were
preincubated with 10 mM MRS2578 for 1 h prior to imaging. PMNs were
then stimulated with 200 mg/ml MSU crystals for 16 h. A Nikon A1R
confocal microscope system with a 310 lens was used to capture transmitted
light and fluorescence images. A field of interest was chosen to perform
imaging, and image 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 12 h using the automated capture component of the
NIS-Elements software. Mean Sytox Orange intensities of the fluorescent
images were quantified using the “measure region of interest” feature of the
software. The entire image that represented the field was selected as the
region of interest. These measurements were used to calculate changes in
Sytox Orange intensities over time (change in mean Sytox Orange intensity).
Each biological replicate represents the mean of three technical replicates.

ELISA
Levels of MPO, HNE, and IL-8 were detected by ELISA. Manufacturer’s
instructions were followed for sample dilutions and processing. PMNs
(250,000/well) were seeded in 96-well plates and stimulated with 250 mg/ml
MSU crystals in HBSS for up to 4 h at 37˚C. Cell supernatants collected
were either immediately processed or stored (220˚C) for later analysis.
Undiluted supernatants were used to measure IL-8 levels, whereas supernatants were diluted 1:100 to determine MPO and HNE concentrations. IL-8
release was measured by a human IL-8 ELISA kit (BioLegend, San Diego,
CA). Concentrations of human MPO in PMN supernatants were measured
by a commercial ELISA kit (R&D Systems). Serial dilutions prepared from
the MPO standard provided in the kit (stock, 125 ng/ml) were used to
quantify MPO concentrations of unknown samples. HNE release was
assessed by sandwich ELISA using an anti-HNE rabbit polyclonal Ab to
capture HNE. Supernatant samples were incubated overnight at 4˚C in 96well high-binding Microlon ELISA plates (Greiner Bio-One, Frickenhausen,
Germany). After blocking with 5% BSA for 1 h, anti-rabbit mouse polyclonal Ab (1:500 in PBS, catalog no. 481001; EMD Millipore, Temecula,
CA) was added for 2 h at room temperature. After repeated washes, samples
were incubated with HRP-linked donkey anti-rabbit Ab (1:2000 in PBS,
NA934V; GE Healthcare) for 1 h. Blue coloration developed in the presence
of TMB (Thermo Scientific, Rockford, IL) peroxidase substrate solution.
The reaction was stopped by adding 1 N hydrochloric acid, and absorption
was read at 450-nm wavelength with an Eon microplate photometer (BioTek
Instruments, Winooski, VT). Purified HNE standard (Cell Sciences) was
used to determine HNE concentrations in unknown samples.

MPO-DNA and HNE-DNA ELISA assays
As described previously (44, 45), the concentration of HNE-associated
DNA (definition for NETs) in PMN supernatants was measured using
HNE capture Ab (1:2000, rabbit; Calbiochem), wheras MPO-associated
DNA (NETs) was quantitated using MPO capture Ab (1:2000, rabbit;
Upstate Biotechnology). Capture Abs were incubated overnight at 4˚C.
PMNs were treated with DNAse I (1 mg/ml; Roche) for 15 min at room
temperature. DNAse digestion was stopped by adding 2.5 mM EGTA
(Sigma-Aldrich). Supernatants were collected, centrifuged and diluted 10–
100-fold in PBS+2.5 mM EGTA. For the NET standard, PMNs were incubated with PMA for 5 h. After 5 h, limited digestion of NETs was done
for 10 min with 1 mg/ml DNase and the DNAse activity was stopped with
2.5 mM EGTA. A 2-fold serial dilution was made to generate the NET
standard. High-binding 96-well ELISA microplates were blocked with 5%
BSA/0.1% human serum albumin/PBS for 1–2 h followed by overnight
incubation and three washes with Tween 20 in PBS. The diluted PMN
supernatants were incubated overnight at 4˚C. After 16 h of incubation,
secondary anti–DNA-POD (HRP-conjugated anti-DNA Ab, mouse, 1:500;

Roche) was added for 30–60 min at room temperature (44, 45). After three to
four washes, TMB substrate was added. Absorbance was measured either at
this point at 650 nm (kinetics) or after the addition of 1 M HCl stop solution at
450 nm (end point) with an Eon microplate spectrophotometer. Background
absorbance values of the medium and untreated PMNs were subtracted.

NET immunofluorescence
PMNs (200,000) were seeded on sterile 12-mm round glass coverslips
(VWR International, Radnor, PA) placed in 24-well plates (Thermo Scientific). MSU crystals (100 or 250 mg/ml) were added to PMNs and incubated for 4 h at 37˚C. Coverslips were fixed with 4% paraformaldehyde
(Affymetrix, Cleveland, OH) for 15 min. Cells were permeabilized and
blocked with 5% BSA (VWR International), 5% normal donkey serum
(Jackson ImmunoResearch Laboratories, West Grove, PA), and 0.1%
Triton X-100 (Sigma-Aldrich) in PBS (Thermo-Scientific) for 30 min.
PMNs were incubated with monoclonal rabbit anti-HNE Ab (1:250; Calbiochem, San Diego, CA) overnight at 4˚C. After incubating with Alexa
Fluor 594–labeled donkey anti-rabbit secondary Ab (1:500; Invitrogen,
Eugene, OR) for 1 h, cells were stained with DAPI (2 min, room temperature, 1:20,000 of a 10 mg/ml stock solution; Molecular Probes, Grand
Island, NY) and washed in PBS twice. Specimens were mounted using the
ProLong antifade kit (Life Technologies) following the manufacturer’s
instructions and analyzed with Zeiss AxioCam HRm fluorescence microscope (Axioplan 2 imaging software).

Intracellular calcium signaling
To measure intracellular calcium mobilization from internal stores, PMNs
were loaded with 2 mM Fluo-4 for 30 min in the dark in the presence of
probenecid and pluronic acid in calcium-free HBSS. PMNs were washed
twice with calcium-free HBSS and incubated with 10 mM MRS2578 or
DMSO. PMNs were subsequently stimulated with 5 mg/ml ionomycin or
10 mM UDP in HBSS without calcium. Flow cytometer (LSR II flow
cytometer) was used to monitor the calcium flux as described (49). The
baseline reading was recorded for 1 min and then stimulation was added
and immediate kinetics of the calcium flux were recorded for 3 min. The
final analysis was performed using FlowJo software.

Phagocytosis assay
PMNs were seeded at a density of 2 million cells per dish with 50 mg/ml
MSU crystals with 10 mM MRS2578 or 0.1% (v/v) DMSO (solvent control). Live videos were recorded for 1 h and MSU crystal-phagocytosing
cells were counted at 30 and 60 min time points. At least 100 PMNs were
counted as the total in each sample.

Superoxide production
PMNs (100,000/well) were seeded with 10 mM MRS2578 or 0.1% (v/v)
DMSO (solvent control). PMNs were left either unstimulated or treated
with 250 mg/ml MSU crystals or 100 nM PMA in the presence of 100 mg/ml
lucigenin (superoxide-specific probe). Luminescence was measured for
60 min in a Varioskan Flash microplate luminometer. Integrated luminescence units (area under the curve) indicative of total superoxide production
during the entire measurement were calculated and expressed as relative
luminescence units.

Cell migration
Two million PMNs and 50 mg/ml MSU crystals were imaged for 1 h with
or without 5 mM MRS2578. ImageJ Fiji software equipped with manual
tracking and MTrackJ plugins was used to quantitate cell migration. PMNs
were tracked every 2 s through 151 frames, and the videos were converted
into grayscale. The average distance (micrometers) was measured for 9–13
PMNs per video for the final analysis. Optical flow was estimated for six
pairs of videos. Videos consisted of 1024 3 1024 grayscale images with 60
frames per video. The Farneback method, implemented in OpenCV, was
used to calculate dense optical flow between consecutive pairs of video
frames. Flow vectors, containing horizontal and vertical displacement
components, were computed at every pixel. The flow vectors were averaged to produce an aggregate delta x and delta y for each pair of video
frames. This set of framewise delta x and delta y pairs was visualized using
a two-dimensional contour plot. The algorithm has been deposited in an
open-access online repository: https://github.com/quinngroup/JI-2016MRS2578.

Statistical analysis
All data were statistically analyzed using GraphPad Prism software v6.01
(GraphPad Software, La Jolla, CA). A p value ,0.05 was considered
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significant. For multiple comparisons statistical analysis, a one-way
ANOVA followed by a Dunnett multiple comparison test (MCT) test
was used to compare each group with the control group. A Mann–
Whitney U test was performed for nonparametric statistical analysis.

Results
NETs and neutrophil markers are present in gout SF

FIGURE 1. Gout SFs have elevated levels of NETs and enzymatically active MPO and HNE. MPO
(A) and HNE (D) protein levels, their
enzymatic activities (B and E), and
NETs (C and F) were quantitated in
SF supernatants of gout and OA patients. Protein levels were measured
by commercial ELISA kits, enzymatic activities were assessed by
fluorescent microplate assays, and
MPO-DNA and HNE-DNA ELISAs
were used to assess NET levels. In
(A), (B), and (D)–(F), samples of 15
gout patients and 11 OA patients
were compared. In (C), samples of
eight gout and four OA samples were
analyzed. Results are expressed as
mean 6 SEM. *p , 0.05, **p ,
0.01, ***p , 0.001. ns, not significant, Mann–Whitney U test.

MSU crystal phagocytosis is required for NET formation
Although the fact that PMNs attempt to phagocytose MSU crystals
has been well documented, its requirement for NET formation
remains unclear (52). To understand the link between crystal
phagocytosis and NET release, a low concentration (50 mg/ml) of
MSU crystals was used to enable clear visualization and recording
of NET formations. As expected, PMNs tried to phagocytose
MSU crystals under these conditions (Fig. 2A, 2B), as well. Live
imaging during 12 h with the extracellular DNA-binding dye
Sytox Orange showed that MSU crystals trigger DNA release in
PMNs (Fig. 2C) in a crystal dose– and PMN concentration–dependent manner (data not shown). We performed image analysis
to calculate the proportion of NET-forming PMNs among those
associated with MSU crystals. Our analysis showed that PMNs
that formed NETs represented 31.9 6 2.3% (mean 6 SEM, n = 4)
of the total, crystal-associated pool whereas those not forming
NETs were 68.1 6 2.3% (mean 6 SEM, n = 4) (Fig. 2D). Fig. 2E
shows that 88.2 6 13.7% (mean 6 SEM, n = 4) of PMNs in
contact with MSU crystals undergo NET formation, revealing that
association with MSU crystals is required for NET release. The
uptake of MSU crystals by PMNs depends on the cytoskeleton
(53). To determine that the cytoskeleton is a critical component
of MSU crystal–triggered NET release, we used cytochalasin
B (CB), a known inhibitor of the actin cytoskeleton (47, 54).
Fig. 2F shows that extracellular DNA release in response to MSU
crystals is ablated in the presence of CB. As described by Schauer
et al. (6, 25), high-density PMNs form aggNETs in the presence of
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Although NETs and HNE have been previously detected in the gout
synovial space (6–8), NETs and enzymatic activities of HNE and
MPO have not been quantitated so far. To achieve this, we used
ELISA assays established previously in our laboratory to detect
NET-specific MPO-DNA and HNE-DNA complexes (45). OA is a
degenerative joint disease with low-grade inflammation that is
characterized by continual cartilage degradation (50, 51). SF from
OA patients served as a suitable negative control for our experiment, because OA joint inflammation is not primarily driven by
MSU crystals (46). Our analysis of 15 Gout and 11 OA SF supernatants obtained from consenting patients indicated the presence of larger quantities of MPO, DNA-associated MPO, HNE,
and DNA-associated HNE in gout patient samples as compared
with those taken from OA patients (Fig. 1A, 1C, 1D, 1F). Furthermore, we measured the presence of enzymatically active HNE
and MPO enzymes and found significantly higher amounts in gout
than in OA samples (Fig. 1B, 1E): MPO (629.9 6 166.2 ng/ml,
mean 6 SEM, n = 15 [gout] and n = 11 [OA]), HNE (318.8 6
38 ng/ml, mean 6 SEM, n = 15 [gout] and n = 11 [OA]). Our
conclusion is that NETs and enzymatically active PMN-derived
enzymes are highly elevated in gout compared with OA.
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FIGURE 2. PMN cytoskeleton is requisite for MSU crystal-induced NET formation. (A) Human PMNs (250,000 cells/well) suspended in assay medium
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incubated with MSU crystals (50 mg/ml, 3 h) were imaged with confocal microscopy. At least 50 PMNs/donor were categorized according to their association with MSU crystals (no contact; in contact with MSU crystal; phagocytosing MSU crystal). The percentage distribution of the three groups is
presented as mean 6 SEM of four independent PMN donors. Original magnification 31500. (C) Human PMNs were incubated with 100 mg/ml MSU
crystals for 3 h and stained with the fluorescent DNA-binding dye Sytox Orange. Images were recorded using a fluorescence microscope. One representative experiment of three similar ones is shown. Original magnification 3400. (D) Proportions of NET-forming PMNs and those without NET formation among MSU crystal-phagocytosing PMNs as total were calculated. Mean 6 SEM, n = 4. Original magnification 31500. (E) Proportions of MSU
crystal–associated versus crystal-free cells among NET-forming PMNs were calculated. Mean 6 SEM, n = 4. Original magnification 31500. (F) Inhibition
of MSU crystal phagocytosis by 10 mM CB blocks NET release (250 mg/ml MSU). NET formation was detected by Sytox Orange fluorescence. Mean 6
SEM, n = 3. *p , 0.05, Dunnett MCT. (G) CB (10 mM) partially inhibits MSU crystal–induced aggNET formation. PMNs (2.5 3 106/well) in a 24-well
plate were treated with CB and incubated overnight with 1 mg/ml MSU crystals. Representative images of three independent experiments are shown. (H)
Immunofluorescence detection of MSU crystal–stimulated human PMNs reveals colocalization of HNE with extracellular DNA in NETs. Cells were left
untreated or were activated by 250 mg/ml MSU crystals or 100 nM PMA for 3 h to generate NETs. PMNs were stained with primary anti-HNE Ab followed
by treatment with secondary goat anti-rabbit Alexa Fluor 594 Ab. DNA was detected by DAPI. DAPI staining has been changed to light blue, whereas HNE
staining is shown as cyan. Original magnification 3180. White boxes indicate insets shown magnified at the bottom of the figure. Original inset magnification 31000. One representative result of four similar experiments received on four independent donors is shown. UT, untreated.

high doses of MSU crystals. In the synovium, these structures are
thought to be precursors of gouty tophi (6, 25). Treatment of
human PMNs in vitro with CB also delayed the formation of
aggNETs (Fig. 2G). Thus, the cytoskeleton is required for complete MSU crystal–initiated NET and aggNET formation.
MSU-stimulated NETs bind HNE
HNE is a crucial NET marker previously shown to be present in
NETs stimulated with either bacteria or PMA (20). To address
whether HNE is a component of MSU crystal–triggered NETs, we
performed immunofluorescence staining of crystal-exposed human PMNs. HNE staining in resting PMNs shows a typical
granular pattern that does not overlap with the nuclear staining

(Fig. 2H, insets). As expected, upon PMA stimulation most PMNs
formed NETs and HNE colocalized with extracellular DNA
(Fig. 2H). We also observed that 250 mg/ml MSU crystal–promoted NET release and HNE staining colocalized with the DNA
staining in PMNs stimulated with the crystals for 4 h (Fig. 2H).
These data confirm that PMNs stimulated with MSU crystals release NETs under our experimental conditions.
Purinergic P2Y receptors are involved in MSU crystal–
triggered NET formation
NETosis is a form of cell death caused by various stimuli to cope
with infection (18–20). MSU crystals are perceived as dangerassociated molecules by PMNs (9). During PMN lysis, several
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MSU crystal–stimulated ecDNA release in human PMNs in the
same concentration range (Fig. 3D). Thus, although suramin interferes with HNE activity in our experimental system, HNE is not
required for NET release by MSU crystals, so suramin’s inhibition
of HNE cannot be responsible for suramin’s block of MSU
crystal–induced NET release. Other mechanisms, likely through
purinergic receptors, must account for it. To confirm this, we used
another general purinergic receptor inhibitor, PPADS, and tested
its effect on NET release. As shown in Fig. 3E, PPADS led to
partial inhibition of MSU crystal–triggered NET release, indicating the involvement of purinergic receptors in the process. Among
purinergic receptors, P2Y2 has been shown to be the main receptor expressed in PMNs (55, 67–69). ARC118925XX, a specific
P2Y2 antagonist, did not inhibit MSU crystal–induced NET release (Fig. 3F). Thus, purinergic receptors other than P2Y2 must
drive NET release triggered by MSU crystals.
P2Y6R inhibitor MRS2578 blocks MSU crystal–induced NET
formation
Several members of the P2YR family are expressed in human PMNs
(28, 70). P2Y6R has been shown to be involved in cytokine release in
PMNs (28). P2Y6R biology can be studied using a highly specific
inhibitor, MRS2578 (71). MRS2578 fully inhibits P2Y6R in the lower
micromoles per liter concentration range (28, 32, 37, 42, 71–73). We

FIGURE 3. General inhibitors of purinergic receptors inhibit MSU crystal–initiated NET release. (A) Human PMNs were stimulated with 250 mg/ml
MSU crystals, and NET formation was measured by MPO-DNA ELISA in the presence of increasing doses of the P2YR inhibitor suramin (n = 3, mean 6
SEM, Dunnett MCT). (B) HNE enzymatic activity was measured in a cell-free system in the presence of suramin using a commercial kit (mean 6 SEM, n =
3). (C) Cell-fee HNE activity was measured as described in the presence of a neutrophil elastase–specific inhibitor (mean 6 SEM, n = 3). (D) Extracellular
DNA release was measured in MSU crystal–stimulated human PMNs using Sytox Orange in the presence of indicated concentrations of the neutrophil
elastase inhibitor (mean 6 SEM, n = 3). (E) MSU crystal–stimulated extracellular DNA release is inhibited by the general purinergic receptor inhibitor
PPADS (Sytox Orange, mean 6 SEM, n = 4). (F) Blocking P2Y2 by its specific inhibitor, ARC118925XX, in human PMNs has no effect on extracellular
DNA release induced by MSU crystals (Sytox Orange, n = 3, mean 6 SEM). *p , 0.05, **p , 0.01, ***p , 0.001. ecDNA, extracellular DNA; NE,
neutrophil elastase; ns, not significant; UT, untreated.
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molecules, including nucleotides such as ATP, ADP, adenosine,
UTP, and UDP, are released (31, 55). We hypothesized that extracellular nucleotides contribute to the signaling process of MSU
crystal–initiated NET formation. Purinergic P2Y receptors represent a main class of receptors by which PMNs respond to extracellular nucleotides (28, 30, 31). Suramin and PPADS are widely
used general inhibitors of P2Y receptors (56–60). Our data in
Fig. 3A show that suramin inhibits the release of MPO-DNA
complexes (NETs) in a dose-dependent manner. Suramin could
not be tested in the Sytox Orange assay because it interfered with
the fluorescent signal (data not shown). It has also been reported
that suramin inhibits the enzymatic activity of HNE (61, 62). Data
presented in Fig. 3B show that suramin exhibited a partial inhibitory effect on HNE activity in concentrations previously used
in PMNs in our hands, as well. The involvement of HNE in the
signaling driving NET formation is still under investigation. Although initial studies indicated its involvement in NET release
(63, 64), recent data show that HNE is dispensable for NET formation under certain conditions (65). To assess whether HNE is
required for MSU crystal–induced NET release in human PMNs,
we used 1-(3-methylbenzoyl)-1H-indazole-3-carbonitrile, a potent, competitive, and pseudoirreversible HNE inhibitor (66). This
inhibitor strongly inhibited HNE activity in a cell-free system
(Fig. 3C). The same HNE inhibitor, however, failed to inhibit
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assessed whether MRS2578 inhibits NET formation. As the data
presented in Fig. 4 show, MRS2578 blocked MSU crystal–induced
releases of DNA, MPO, HNE, and HNE-DNA complexes from human PMNs. Trypan blue staining of PMNs confirmed that MRS2578
is not toxic to PMNs (data not shown). This observation indicates the
novel involvement of the purinergic P2Y6 receptor in MSU crystal–
induced NET release.
Extracellular nucleotides alone fail to initiate NET formation

P2Y6R inhibition blocks aggNET formation
As described by Schauer et al. (6, 25), high-density cultures of
PMNs form aggNETs that help in resolving joint inflammation. In
the synovium, these structures are precursors of gouty tophi (6,
25). To test the effect of MRS2578 on aggNET formation, we
incubated high-density cultures of PMNs and MSU crystals

FIGURE 4. The P2Y6 receptor antagonist
MRS2578 inhibits NET release induced by
MSU crystals and PMA. Human PMNs were
treated with 5 or 10 mM MRS2578 for 1 h
prior to stimulation with 250 mg/ml MSU
crystals or 100 nM PMA to trigger NET release. Endpoint measurements of (A) Extracellular DNA (ecDNA) release (4 h, n = 3,
mean 6 SEM), (B) HNE release (ELISA, 4
h, n = 3, mean 6 SEM), (C) MPO release
(ELISA, 4 h, n = 5, mean 6 SEM), and (D)
NET release (HNE-DNA ELISA, 4 h, n = 5,
mean 6 SEM) were measured. Data are
shown as mean 6 SEM. Nonparametric
statistical analysis (Dunnett MCT) was used
to establish significance. *p , 0.05, ***p ,
0.001, ##p , 0.01, ####p , 0.0001. ns, not
significant; UT, untreated.

MRS2578 inhibits MSU crystal–induced IL-8 release
Because UDP also stimulates IL-8 release in PMNs (31, 33, 55,
74), we investigated the effect of MRS2578 on MSU crystal–induced release of IL-8 as our primary candidate mediating PMN
migration. IL-8 signaling causes adhesion, degranulation, respiratory burst, and lipid mediator synthesis in PMNs (79). TNF-a–
primed PMNs stimulated with IL-8 are able to produce NETs (80).
In Fig. 7A, we show that MSU crystal–induced IL-8 secretion is
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The main ligand of P2Y6R is UDP, but it also binds UTP with lower
affinity (70, 74). P2Y6R does not respond to adenine-based nucleotides (70, 74). UDP and UTP are released from damaged cells
and are reported to stimulate PMNs via P2Y6R (75–78). ATP,
ADP, and adenosine increase migration and IL-8 release in PMNs
(31, 37, 74). Therefore, we asked whether NET formation could
be initiated in human PMNs by stimulating them with micromolar
or lower millimolar concentrations of adenine- and uridine-based
nucleotides. As the results in Fig. 5 show, ATP, ADP, adenosine,
UTP, or UDP did not induce NET release in human PMNs when
stimulated with concentrations up to the lower millimoles per liter
concentration range. On the contrary, ATP had a slight inhibitory
effect at higher doses (Fig. 5A). Tested ectonucleotides were also
without any significant effect on MSU crystal– or PMA-induced
NET release (Fig. 5C–E). These data indicate that P2Y6R does not
directly trigger NET formation in PMNs.

in vitro with or without 10 mM MRS2578 or 0.1% DMSO (vehicle
control). AggNETs formed after overnight incubation (Fig. 6C).
To better understand the complex mechanism of MSU crystal–
induced aggNET formation, we established a high-throughput
method capable of imaging NET formation during long periods
of time in several samples in parallel. This high-throughput liveimaging method using 96-well microplates and automated confocal microscopy confirmed that human PMNs release NETs in
response to MSU crystals and PMA, as well (Fig. 6A). Similarly
to our previous data, MRS2578 inhibited the NET-forming ability
of MSU crystals under these conditions, as well (Fig. 6A, 6B).
Interestingly, NET formation triggered by PMA was also delayed
by MRS2578 (Fig. 6B). The recorded series of images revealed a
migratory component of aggNET formation specific for MSU
crystal stimulation (Fig. 6A). First, small, early microaggregates
appeared in the first few hours that merged later into large, macroscopic aggNETs (Fig. 6B, 6C). PMNs without stimulation or in
the presence of PMA failed to show this phenotype (Fig. 6A).
MRS2578 had a complete inhibitory effect on MSU crystal–induced aggNET formation (Fig. 6C, images at 5 h) and also on this
proposed migratory component, indicating that the inhibitor prevents MSU crystal–induced NET formation by blocking PMN
movement.

The Journal of Immunology

435

inhibited by MRS2578, which is in agreement with similar results
of other groups using different stimuli (28, 37, 42).
MRS2578 prevents phagocytosis of MSU crystals by PMNs
Because PMNs have been shown to phagocytose MSU crystals, a
step that is required for NET release (see Fig. 2), we next tested
whether P2Y6 inhibition affects crystal phagocytosis. Low-density
cultures of human PMNs were exposed to MSU crystals, and
crystal-phagocytosing PMNs were quantitated using microscopy.
As shown in Fig. 7B, MRS2578 significantly inhibited the ability
of PMNs to phagocytose MSU crystals.

In PMNs, calcium is required for phagolysosome fusion, chemotaxis, release of proteins from granules, and changes in cytoskeleton (36, 42, 78, 84–87). In Fig. 7D we observed that inhibition
of P2Y6R resulted in inhibition of UDP-stimulated calcium release
from the intracellular stores (in Ca2+-free medium). This indicates
that PMNs express a functional P2Y6R, and MRS2578 strongly
interferes with this signal.
MRS2578 inhibits spontaneous migration of PMNs

The NADPH oxidase expressed in PMNs produces reactive oxygen
species that are required for efficient intracellular bacterial killing
and also NET formation induced by several stimuli (21, 23, 81, 82).
MSU crystal–induced NET formation has been reported to be
NADPH oxidase–dependent (6). To learn whether MRS2578 inhibits NET formation up- or downstream of the NADPH oxidase,
we exposed human PMNs to MSU crystals after treatment with
the inhibitor. MRS2578 exposure led to a complete block of both
spontaneous and crystal-initiated superoxide production (Fig. 7C).
This finding suggests that P2Y6R is located upstream of the
NADPH oxidase.

Our previous data (Fig. 6A) indicated that an active migratory
component is involved in MSU crystal–induced aggNET formation that could be the target of MRS2578’s inhibitory action.
AggNET-forming PMNs stimulated with MSU crystals create a
very complex system in which individual cell migration is difficult
to study. Therefore, we exposed a low-density culture of PMNs to
MSU crystals and followed their migration with time-lapse microscopy with the purpose to assess whether MRS2578 affects
their inherent migratory ability. Human PMNs performed random
migration over time when left untreated (Fig. 8A, Supplementa1
Video 1). Addition of MRS2578 resulted in an inhibition of PMN
migration by 82.5 6 5.4% on average (Fig. 8, Supplemental Video
2). These results indicate that MRS2578 primarily affects the
migratory/chemotactic component of MSU crystal–induced aggNET
formation.

Reduction of UDP-stimulated calcium flux by MRS2578

Blocking the SOCE pathway partially inhibits NET formation

G protein–coupled receptors such as P2Y6R activate phospholipase C, and UDP causes a steep rise in intracellular calcium
concentration by releasing calcium from intracellular stores (83).

The main route of calcium mobilization during PMN activation is
the SOCE mechanism (88, 89). The role of SOCE in NET formation has not been explored yet. In the present study, we show

MRS2578 blocks the PMN respiratory burst
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FIGURE 5. Ectonucleotides do not
trigger NET release. Human PMNs
were left unstimulated or stimulated
with 100 nM PMA or 250 mg/ml
MSU crystals in the presence of different doses of (A) ATP (n = 4), (B)
ADP (n = 3), (C) adenosine (n = 3),
(D) UDP (n = 3), and (E) UTP (n = 3).
Extracellular DNA (ecDNA) release
was measured by Sytox Orange–based
fluorescence and normalized to the
signal obtained by PMA without
ectonucleotides. Statistical significance was established by Dunnett
MCT. Mean 6 SEM, n = at least 3.
*p , 0.05, ***p , 0.001. ns, not
significant; UT, unstimulated (no
MSU or PMA).

436

INHIBITION OF NEUTROPHIL ACTIVATION BY MRS2578

A

C

FIGURE 6. MRS2578 blocks MSU crystal–induced aggNET formation. (A) PMNs (250,000) were incubated in wells of 96-well microplates with or without
MRS2578 (10 mM) for 1 h prior to stimulation with 250 mg/ml MSU crystals or 100 nM PMA for 5 h in the presence of the extracellular DNA-binding dye
Sytox Orange. Interactions of PMNs and MSU crystals were monitored using confocal microscopy equipped with a motorized and heated stage support every
15 min (n = 3). Original magnification for images at 0–4 h, 3100; original magnification for images at 5 h, 3120. (B) Representative kinetics of the same
experiments are shown (n = 3, mean 6 SD). (C) One million PMNs were stimulated with 1 mg/ml MSU crystals in 24-well plates in the presence or absence of
10 mM MRS2578 or 0.1% DMSO (vehicle control). Formed aggNETs were recorded after overnight incubation (one representative image, n = 3).

hat the SOCE inhibitor SK&F96365 partially inhibits MSU
crystal–induced NET release (Fig. 9A). Releases of MPO and
HNE initiated by MSU crystals were also significantly reduced by
this inhibitor (Fig. 9B, 9C). PMA-induced NET formation was not
affected by SK&F96365 (Fig. 9A–C). SK&F96365 also blocked
MSU crystal–triggered IL-8 release (Fig. 9D). These data suggest
that SOCE specifically promotes MSU crystal–induced NET formation in human PMNs.

Discussion
The present study demonstrates that elevated levels of NETs and NETassociated markers, including active MPO and HNE, are present in SF
supernatants of gout patients. Although NETs have previously been
detected in the SF of gout patients (6, 7), our NET-specific ELISA
assays (44) quantitate NETs, to our knowledge for the first time, in
clinical biospecimens of gout patients. We have previously only used
the HNE-DNA ELISA on live human PMNs (44). To our knowledge,
results presented in the current study are the first to show its use for
NET quantitation in clinical samples of any human disease. Both the
MPO-DNA and HNE-DNA ELISA assays have great promises as
NET-specific quantitation tools (44, 48). Our data also detect enzymatically active MPO and HNE, two primary granule markers released by PMNs, indicating that both enzymes remain active in gout
SF, potentially contributing to joint damage. HNE could contribute to
disease pathogenesis via several mechanisms. Once released, HNE
degrades almost each component of the extracellular matrix (90, 91).

In the lung, HNE can cause direct damage in epithelial cells and can
impair mucociliary clearance and increase mucus secretion (92–94).
HNE is considered the main factor damaging lungs of cystic fibrosis,
chronic obstructive pulmonary disease, and emphysema patients (95–
97). Free-floating HNE could potentially cause similar pathologic
effects in the SF of gout patients, including directly damaging synoviocytes and activating PMNs/macrophages. Alternatively, HNE
also degrades proinflammatory cytokines, thereby limiting the
breadth/extent of gout flares (6). Addressing a potential, clinically
relevant correlation of gout SF or blood levels of NETs and granule
enzyme activities with gout disease severity is hindered by the
difficulty of adequate clinical scoring of relative joint inflammation
in gout (98–100).
The quantitative analysis using live imaging of crystal–PMN
interactions revealed that almost all PMNs releasing NETs were
associated with MSU crystals. This suggests that physical interaction between PMNs and crystals is required to trigger NET
formation. This finding conflicts with a previous study stating
that crystal phagocytosis is not a requirement for NET generation (101). Our data using CB show that an active cytoskeleton is
required for NET release. We have also reported the requirement
of an intact cytoskeleton for NET formation stimulated by
pseudogout-associated calcium pyrophosphate dihydrate crystals
(47) and Pseudomonas aeruginosa (45). This indicates that an
intact phagocytic apparatus is required to trigger NETs induced by
particulate stimuli.
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The mechanistic details of how MSU crystals induce NET formation remain to be studied. One possible mechanism is that crystals
form pores in the PMN plasma membrane, leading to ion fluxes and
initiation of NET release, similar to the activation of the NLRP3
inflammasome (102). Recently, it has been shown that soluble uric
acid triggers NET formation (103). We do not think this mechanism
plays a significant role in our system because transferring crystalfree supernatants of MSU crystal suspensions containing free MSU
did not induce NET formation in human PMNs previously not exposed to crystals (data not shown). Alternative mechanisms suggested
the involvement of specific surface receptors in MSU crystal–induced
activation of PMNs (14, 53). We identified P2Y6R in the process, but
future studies will address whether P2Y6R could directly bind to
MSU crystals. The P2Y6 receptor could promote crystal phagocytosis
because it has been shown to mediate phagocytosis in microglia cells
stimulated with UDP (43, 77).
Similar to several cell death pathways, NET formation is also likely
accompanied by release of copious amount of ectonucleotides such as
ATP, ADP, UDP, UTP, and adenosine (104). These nucleotides bind
to various purinergic receptors and regulate immune signaling (70).

Purinergic signaling has been implicated as a fundamental element
in several PMN functions, including migration, superoxide production, and various signaling pathways (55). One of their main functions is to direct PMN chemotaxis to sites of cell damage via P2Y
purinergic receptors (70). Our data showing that purinergic receptor
inhibitors suramin, PPADS, and MRS2578 block the action of MSU
crystals are, to our knowledge, the first to indicate their involvement
in NET formation. The involvement of P2YR signaling in the mechanism of NET formation raises several questions. Interestingly, nucleotides alone do not trigger NET formation. Suramin and PPADS are
general P2YR antagonists (57, 58, 69, 105, 106). The P2Y2-specific
antagonist ARC118925XX did not have any influence on MSU
crystal–induced NETs. MRS2578 is highly specific for P2Y6R,
which was confirmed in several studies using genetic (knockdown
or overexpression) approaches (28, 70, 107, 108). MRS2578 does not
affect P2Y2R because it impaired chemotaxis in P2Y2R knockout
murine PMNs to the same extent as in wild-type, P2Y2-expressing
PMNs (108). PMNs express several P2YRs, including P2Y6 (70,
108). The role of P2Y6 in PMN biology is not well understood. It is
required for IL-8 release induced by UDP (70) and by MSU (our
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FIGURE 7. MRS2578 inhibits MSU crystal–stimulated IL-8 release, superoxide production and phagocytosis, and UDP-stimulated calcium flux in
human PMNs. (A) PMNs were treated with the indicated concentrations of MRS2578 or 0.1% (v/v) DMSO for 1 h prior to stimulation with 250 mg/ml
MSU crystals for 4 h. IL-8 levels were quantified in the supernatants using ELISA. Results are expressed as mean 6 SEM (n = 5). ****p , 0.0001,
Dunnett MCT. (B) Two million PMNs were treated with the indicated concentrations of MRS2578 or DMSO for 1 h. MSU (50 mg/ml) crystals were
added prior to imaging and PMNs engulfing crystals were counted (n = 4, mean 6 SEM). (C) PMNs were treated with the indicated concentrations of
MRS2578 or DMSO for 1 h prior to stimulation with 250 or 500 mg/ml MSU crystals. Superoxide release was detected by a lucigenin-based
chemiluminescence assay for 1 h. Results are expressed as mean 6 SEM (n = 3). ##p , 0.001, $$p , 0.001, Dunnett MCT. (D) PMNs loaded with the
calcium indicator Fluo-4 were incubated with MRS2578 or DMSO in calcium-free HBSS and subsequently stimulated with 5 mg/ml ionomycin or
10 mM UDP. Using flow cytometry, fluorescent intensity was measured and kinetics of the calcium flux were recorded during 300 s in calcium-free
medium. Stimulation was added after the baseline reading was taken for 1 min. The kinetics are a representation of four independent experiments using
PMNs obtained from independent donors each time. Black arrows indicate the addition of stimuli (ionomycin and UDP).
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data). P2Y6R could potentially mediate aggNET formation by regulating IL-8–mediated PMN migration (70). This is also likely because the ectonucleotidase NTPDase1 (CD39) has been shown to
control IL-8 release in human PMNs (108). P2Y6R could also play a
role because IL-8 release in epithelial cells induced by neutrophil
defensins is blocked by MRS2578 (109). MRS2578 could also
switch off NETosis in human PMNs, only to shorten their lifespan
and accelerate apoptosis (72).
Some of the inhibitory results of MRS2578 are difficult to explain solely by its direct block of P2Y6R signaling. MRS2578
inhibited not only MSU crystal–induced NET release but also that
triggered by PMA (Fig. 4). It is very unlikely that PMA signals via
P2Y6R to release NETs. We think a more feasible explanation is
that MRS2578 has off-target effects in addition to inhibiting

P2Y6R signaling. The NADPH oxidase is our primary candidate
as the nonspecific target of MRS2578 because spontaneous and
MSU crystal–induced superoxide productions are both entirely
blocked by the compound. An inhibition of the NADPH oxidase
by MRS2578 would explain its inhibitory action on the respiratory
burst and on several of the PMA-elicited PMN responses.
MRS2578 is an isothiocyanate derivative, so it could potentially
interfere with redox reactions such as superoxide production in
PMNs. Previous data obtained with MRS2578 in PMNs should
also be reevaluated and more carefully interpreted. Experiments
using murine PMNs deficient in different purinergic receptors
would help to determine the exact mechanism of action of
MRS2578 in PMNs. The results presented in the present study
showing that MRS2578 inhibits PMN migration, reactive oxygen
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FIGURE 8. MRS2578 inhibits intrinsic migration of human PMNs. Human PMNs were pretreated with 10 mM MRS2578 or 0.1% DMSO for 1 h and
their migration was recorded using a confocal microscope. PMNs obtained from six independent healthy donors were used. At least 10 individual PMNs per
video were tracked. (A) The aggregate PMN displacement for each video was characterized by computing dense optical flow vectors over pairs of consecutive frames as described in Materials and Methods. Results are visualized as two-dimensional contour plots. (B) Total distances of migration per PMN
were calculated using ImageJ software. Each pair of dots indicated by connectors represent individual donors. Results are expressed as mean 6 SEM. *p ,
0.05, Student t test.
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species production, and NET release suggest its promising clinical
potential to prevent or attenuate PMN-mediated gouty inflammation.
MRS2578 has already been used in a few mouse studies and proved
to be nontoxic in a concentration range also used in the present study
(107, 110, 111). Future animal studies are required to test its usefulness to treat gout.
P2Y6R is a G protein–coupled receptor and signals via intracellular calcium (112). P2Y6R activates phospholipase Cg, produces
inositol 1,4,5-triphosphate, and activates inositol 1,4,5-triphosphate
receptors in the endoplasmic reticulum (ER) (59), resulting in an
abrupt spike in cytosolic calcium levels. Depletion of ER calcium
stores leads to the activation of the SOCE mechanism (113). STIM1
works as a sensor of ER luminal calcium and redistributes to the ER
luminal position to Orai1 spanning the plasma membrane (84, 114).
STIM12/2, STIM22/2, and Orai2/2 microglial cells do not perform
P2Y6R-mediated phagocytosis (115). SOCE is the main mechanism
of calcium signaling in PMNs during activation (113). SOCE is
mediated by STIM1 and Orai1 proteins (59). Recent studies proposed that the SOCE is required for optimal respiratory burst in
PMNs because Stim1-deficient murine PMNs are impaired in superoxide production (116). This suggests that reduction of NET
formation by the SOCE inhibitor is caused by diminished NADPH
oxidase activity.
Based on our data, we propose that P2Y6R activates SOCE signaling
that mediates IL-8–dependent migration of PMNs (35, 86). IL-8 has
two receptors, CXCR1 and CXCR2, both of which are expressed on
PMNs (117–119). Future investigations are needed to decide which
one of these receptors is a major contributor to aggNET formation.
Additionally, cytosolic calcium mediated by SOCE could also
promote NET formation by activating PAD4, a calcium-dependent
enzyme essential for NET release (120). PAD4 citrullinates histone
H3 and H4 and promotes chromatin decondensation (121). Although

SK&F96365 inhibits SOCE in PMNs (89), inhibition of other calcium
channels by this compound has also been reported (122). Studies
using Stim1- or Ora1-deficient murine PMNs would further clarify
the exact mechanism (116).
NETs represent a double-edged sword because they can either
drive or resolve inflammation (6). During the acute phase of gout,
PMNs encounter MSU crystals to form NETs and release proinflammatory cytokines (6, 102). When MSU crystal–triggered NETs
reach a certain threshold and start forming aggNETs, they cleave
proinflammatory cytokines and create a synovial environment more
conducive to healing (6, 25). Gouty tophi are formed at this stage.
In fact, aggNETs have been proposed to be the core structural unit
of tophi (6). This phenomenon seems to be unique to gout.
We used high-throughput confocal imaging to record real-time NET
formation. This novel methodology enables us not only to measure NET
formation but also PMN migration. It provides us the unique opportunity to understand MSU crystal–PMN and PMN–PMN interactions.
Our hypothesis (active migration of PMNs is essential to form aggNETs)
suggests a novel “social networking” component among PMNs.
In summary, our work proposes that P2Y6R-mediated purinergic
signaling is a crucial component of MSU crystal–induced aggNET
formation and gout pathogenesis. It also suggests that targeting
P2Y6R offers a novel approach to interfere with acute inflammation
in gout.
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FIGURE 9. The SOCE pathway contributes to PMN activation by MSU crystals.
Human PMNs were treated with the SOCE
inhibitor SK&F96365 for 45 min prior to
stimulation with 250 mg/ml MSU crystals or
100 nM PMA for 3 h. SK&F96365 has significantly reduced (A) extracellular DNA
(eDNA) release (n = 5, mean 6 SEM), (B)
MPO release (n = 6, mean 6 SEM), (C)
HNE release (n = 5, mean 6 SEM), and (D)
IL-8 secretion (n = 4, mean 6 SEM) induced
by MSU crystals but not by PMA (mean 6
SEM, n = 4). *p , 0.05, **p , 0.01,
****p , 0.0001, #p , 0.05, Dunnett MCT.
UT, untreated (no PMA or MSU).
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54. Carulli, G., A. Marini, A. Azzarà, M. Petrini, L. Ruocco, and F. Ambrogi. 1985.
Modifications in the phagocytosis of human neutrophils induced by vinblastine
and cytochalasin B: the effects of lithium. Acta Haematol. 74: 81–85.
55. Chen, Y., Y. Yao, Y. Sumi, A. Li, U. K. To, A. Elkhal, Y. Inoue, T. Woehrle,
Q. Zhang, C. Hauser, and W. G. Junger. 2010. Purinergic signaling: a fundamental mechanism in neutrophil activation. Sci. Signal. 3: ra45.
56. Laubinger, W., H. Wang, T. Welte, and G. Reiser. 2003. P2Y receptor specific
for diadenosine tetraphosphate in lung: selective inhibition by suramin, PPADS,
Ip5I, and not by MRS-2197. Eur. J. Pharmacol. 468: 9–14.

Downloaded from http://www.jimmunol.org/ at Texas A & M University Medical Sciences Library on January 6, 2017

1. Kuo, C. F., M. J. Grainge, W. Zhang, and M. Doherty. 2015. Global epidemiology of gout: prevalence, incidence and risk factors. Nat. Rev. Rheumatol.
11: 649–662.
2. Abbott, K. C., P. L. Kimmel, V. Dharnidharka, R. J. Oglesby, L. Y. Agodoa, and
S. Caillard. 2005. New-onset gout after kidney transplantation: incidence, risk
factors and implications. Transplantation 80: 1383–1391.
3. Abbott, R. D., F. N. Brand, W. B. Kannel, and W. P. Castelli. 1988. Gout and
coronary heart disease: the Framingham Study. J. Clin. Epidemiol. 41: 237–242.
4. Ask-Upmark, E., and L. Adner. 1951. Coronary infarction and gout. Acta Med.
Scand. 139: 1–6.
5. Roddy, E., and M. Doherty. 2010. Epidemiology of gout. Arthritis Res. Ther.
12: 223.
6. Schauer, C., C. Janko, L. E. Munoz, Y. Zhao, D. Kienhöfer, B. Frey, M. Lell,
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