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Significance

The importance of the NLRP3 
inflammasome in macrophage 
biology has long been 
established. However, its role in 
neutrophil physiology has only 
recently been described, and 
remains understudied. The 
NLRP3 inflammasome is rapidly 
assembled upon neutrophil 
activation at the microtubule 
organizing center (MTOC). Here, 
we show that NLRP3, in addition 
to its vital role in inflammasome 
formation and cytokine secretion, 
is essential for neutrophil 
chemotaxis toward an in vitro 
gradient of leukotriene B4 (LTB4) 
and to in vivo sterile burn injury, 
a function unknown for 
inflammasome until now. Thus, 
assembly of inflammasome at 
the MTOC appears to direct cell 
polarization and directional 
migration. This observation may 
have implications for other cell 
types assembling inflammasome 
after activation.
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Neutrophil recruitment to sites of infection and inflammation is an essential process 
in the early innate immune response. Upon activation, a subset of neutrophils rapidly 
assembles the multiprotein complex known as the NLRP3 inflammasome. The NLRP3 
inflammasome forms at the microtubule organizing center, which promotes the forma-
tion of interleukin (IL)-1β and IL-18, essential cytokines in the immune response. We 
recently showed that mice deficient in NLRP3 (NLRP3−/−) have reduced neutrophil 
recruitment to the peritoneum in a model of thioglycolate-induced peritonitis. Here, 
we tested the hypothesis that this diminished recruitment could be, in part, the result of 
defects in neutrophil chemotaxis. We find that NLRP3−/− neutrophils show loss of cell 
polarization, as well as reduced directionality and velocity of migration toward increas-
ing concentrations of leukotriene B4 (LTB4) in a chemotaxis assay in vitro, which was 
confirmed through intravital microscopy of neutrophil migration toward a laser-induced 
burn injury of the liver. Furthermore, pharmacologically blocking NLRP3 inflammas-
ome assembly with MCC950 in vitro reduced directionality but preserved nondirec-
tional movement, indicating that inflammasome assembly is specifically required for 
polarization and directional chemotaxis, but not cell motility per se. In support of this, 
pharmacological breakdown of the microtubule cytoskeleton via nocodazole treatment 
induced cell polarization and restored nondirectional cell migration in NLRP3-deficient 
neutrophils in the LTB4 gradient. Therefore, NLRP3 inflammasome assembly is required 
for establishment of cell polarity to guide the directional chemotactic migration of 
neutrophils.

neutrophils | NLRP3 inflammasome | cell polarization | chemotaxis

The innate immune system is the first line of host defense, which is capable of recognizing 
and responding to microbial components and endogenous damage molecules, which are 
called microbial-associated molecular patterns (MAMPs), and damage-associated molecular 
patterns (DAMPs). These “danger” molecules can trigger downstream inflammatory path-
ways in order to eliminate pathogens and repair damaged tissue (1). Upon encountering 
these danger signals, cells of the innate immune system can assemble an intracellular 
multimeric protein complex called the inflammasome. Inflammasomes are classified based 
on the sensor protein that oligomerizes in order to form a procaspase-1-activating platform 
in response to PAMPs and DAMPs (2). Currently, five members of sensor proteins are 
known to form inflammasomes: the nucleotide-binding oligomerization domain (NOD), 
leucine-rich repeat (LRR)-containing proteins (NLR) family members (NLRP1, NLRP3, 
and NLRC4), absent-in-melanoma 2 (AIM2), and pyrin (3, 4). During the assembly 
process of certain types of inflammasome (NLRP1, NLRP3, and AIM2), a bipartite adaptor 
protein known as apoptosis-associated speck-like protein containing a caspase-recruitment 
domain (ASC) facilitates the recruitment of procaspase-1 to the inflammasome complex 
(5). Procaspase-1 is then activated to form caspase-1 through proximity-induced autoca-
talysis. Caspase-1 is critical to the inflammatory response by enzymatically cleaving 
prointerleukin-1β (pro-IL-1β) and pro-IL-18 into their biologically active forms IL-1β 
and IL-18, respectively, as well as other cellular substrates, such as gasdermin D, to promote 
lytic cell death, thus magnifying the inflammatory response (6–9).

The NLRP3 inflammasome is among the most studied, and is shown to be of critical 
importance for host immune defense against bacterial, fungal, and viral infections (10–14). 
In macrophages, NLRP3 inflammasome formation is a two-step process. Initially, cytoplas-
mic protein levels of NLRP3 are increased through priming with lipopolysaccharide. 
Following this priming step, further stimulation of the macrophage will result in oligomer-
ization of NLRP3, ASC and procaspase-1 into the final macromolecular multiprotein struc-
ture also termed the ASC speck (15), which assembles at the microtubule organizing center 
(MTOC) by dynein-directed transport of inflammasome components (16, 17). However, 
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in addition to macrophages, NLRP3 inflammasome/ASC speck 
formation has been described as a source of IL-1β production in 
neutrophils after Staphylococus aureus infection or sterile thioglyco-
late– induced peritonitis (18, 19). As neutrophils are the most 
abundant leukocyte in circulation and lead the first wave of host 
defense against both pathogenic infection and tissue damage, this 
source of IL-1β cannot be overlooked (20). Since this first descrip-
tion of NLRP3 inflammasome formation in neutrophils, ASC speck 
formation has been described in these cells under both infectious 
as well as sterile conditions (21–25).

Crucial in the mechanism of inflammation is the proper recruit-
ment and migration of innate immune cells toward the site of injury 
or infection. Of fundamental importance in this process is adhesion 
to the endothelium and migration of effector cells through the vessel 
wall and then toward the source of inflammation, a process which 
is described as the leukocyte adhesion cascade and chemotaxis (26). 
This cascade consists of leukocyte rolling, adhesion, and migration. 
During leukocyte rolling, weak interactions between the leukocyte 
and endothelial cells, mediated by endothelial selectins with 
P-selectin glycoprotein ligand 1 (PSGL1) on the leukocyte surface, 
are formed in close proximity to the site of inflammation (27, 28). 
The interaction between PSGL1 and E-selectin induces integrin 
activation (29) to slow and then arrest the rolling by interacting 
with endothelial ICAM1 and VCAM1 (26). Post arrest, leukocytes 
translocate through the endothelial barrier, predominantly at 
endothelial cell–cell junctions (30). Once through the vessel wall, 
neutrophils are further stimulated by DAMPs and MAMPs (20), 
which promote their secretion of chemoattractant molecules. One 
such molecule is the bioactive lipid leukotriene B4 (LTB4), which 
serves as a secondary chemoattractant molecule, facilitating further 
neutrophil recruitment (31). LTB4 also serves as a directional cue 
to guide neutrophil infiltration to the site of insult via directional 
migration. The sensing of chemotactic gradients by neutrophils is 
mediated by G-protein-coupled receptors in the plasma membrane, 
which mediate activation of PI3K signaling in the cell region 
exposed to the higher concentration of chemoattractant. This pro-
motes establishment of polarized signaling within the neutrophil 
that results in directional cytoskeletal assembly that drives cell elon-
gation toward the attractant. This polarity is maintained as the cells 
continue to protrude toward the attractant and retract their rears, 
thus undergoing directed migration to the site of inflammation 
(32). The process of tissue infiltration is strictly regulated, as both 
a reduction or excess in neutrophil recruitment can have devastating 
consequences for host health, resulting in recurrent infections and 
chronic inflammation respectively (33–35). In settings of peritoni-
tis, induced through the injection of necrotic cells in the perito-
neum, mice deficient in NLRP3 (NLRP3−/−) showed a significant 
reduction in peritoneal neutrophil recruitment (36), similar to the 
thioglycolate-induced peritonitis (19).

Here, we tested the hypothesis that NLRP3, assembling at the 
MTOC, directs neutrophil recruitment to sites of inflammation 
by promoting chemotactic migration. We show that the NLRP3 
inflammasome is required for neutrophil polarization and direc-
tional movement toward a gradient of leukotriene B4 (LTB4) 
in vitro. Thus, besides activating surrounding tissues by cytokine 
release and promoting neutrophil adhesion, NLRP3 has a basic 
cellular role in establishing cell polarity to mediate directional 
neutrophil movement.

1.  Materials and Methods

1.1.  Animals. Both male and female NLRP3−/− (stock n° #021302) and age- 
and sex-matched wild-type C57BL/6 J (NLRP3+/+) (stock n° #000664) mice were 
obtained from Jackson Laboratory (Bar Harbor, ME, USA). All mouse lines were 

housed in the animal facilities of the Boston Children’s Hospital (Boston, USA) and 
the Marine Biological Laboratory (Woods Hole, USA). All recurring animal proce-
dures were performed on equivalent timepoints during the day, in order to take 
circadian rhythms of both laboratory animals and neutrophils into consideration 
(37). All experimental animal procedures performed in this study were approved 
by the Institutional Animal Care and Use Committee of Boston Children’s Hospital 
under the protocol numbers 20-01-4096R and 00001378.

1.2.  Murine Neutrophils.
1.2.1.  Neutrophil isolation. Murine neutrophils were freshly isolated for every 
experiment from NLRP3−/− and NLRP3+/+ mice as previously described (38). 
In short, on the morning of the experiment, 1 mL of blood was obtained from 
isoflurane anesthetized mice through the retroorbital plexus into 2 mL of pre-
heated (37 °C) anticoagulant buffer (15 mM EDTA and 1% endotoxin free bovine 
serum albumin in sterile PBS). The blood was centrifuged at 500 g for 12 min 
at room temperature, after which the supernatant was discarded, and cells were 
resuspended in anticoagulant buffer. The resuspended cells were loaded on top 
of a 3-layer percoll gradient column, containing a 78%/69%/52% percoll in sterile 
PBS layered in a 15-mL centrifuge tube. After loading the blood cells on top of 
the 52% layer, the column was centrifuged in a swinging bucket centrifuge for 
32 min at 1,500 g at room temperature, with acceleration set at 3, and brake 
at 0. Cells at the 69%/78% interface were collected, washed, and pelleted by 
adding sterile PBS and centrifuged for 12 min at 500 g. After red blood cell lysis, 
through the addition of ammonium-chloride-potassium lysis buffer, cells were 
resuspended in imaging media (phenol red-free RPMI 1640 supplemented with 
10 mM N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid) and further used 
for experimental procedures.
1.2.2.  Neutrophil treatment. Isolated neutrophils were either used directly 
for visualization or pretreated with nocodazole or MCC950 before used in time 
lapse microscopy. The small molecule inhibitor of inflammasome formation, 
MCC950 (invivogen), was used to study the effect of inflammasome-free NLRP3. 
Neutrophils were incubated with 1 µM of MCC950 or vehicle for a period of 30 
min at 37 °C and 5% CO2 prior to chemotaxis assay. For pharmacological disrup-
tion of microtubules, neutrophils were incubated with 10 µM of nocodazole (EMD 
Milipore) or vehicle for 1 h at 37 °C and 5% CO2. After treatment, neutrophils 
were washed, pelleted, and resuspended in the appropriate concentration before 
continuing with time lapse microscopy.

1.3.  ASC Speck Visualization/Immunofluorescence. Isolated neutrophils 
were allowed to adhere to a sterile coverslip for 15 min at 37 °C and 5% CO2 in a 
concentration of 6 × 105 cells/mL, after which cells were brought in contact with 
leukotriene B4 (LTB4) (Merck) for a period of 1 h at 37 °C and 5% CO2. After LTB4 
stimulation, neutrophils were fixed by adding 2% (vol/vol) of paraformaldehyde 
(PFA) for 30 min at room temperature. After fixation, cells were washed using 
PBS and permeabilized by adding freshly prepared 0.1% of triton X-100 in PBS 
for 10 min at 4 °C, after which blocking buffer (2.5% BSA, 0.5% Tween-20 in PBS) 
was added at 37 °C for 1 h. Cells were incubated at 4 °C overnight with primary 
antibody directed against ASC (1:800, cell signaling). The next day, cells were 
washed three times using PBS and incubated with secondary antibody (1:1,500, 
ThermoFisher) for 2 h at room temperature. After another three washes using PBS, 
cells were counterstained using Hoechst 33342 (1:10,000, invitrogen) for 10 
min at room temperature. After a final wash with PBS, coverslips were mounted 
and visualized for ASC speck formation. Images were acquired using a Keyence 
BZ-X810 microscope, equipped with a 60× oil-emersion lens and processed with 
FIJI/ImageJ (39). ASC speck frequency was determined by capturing 12 Z-stacks 
of 0.4-µm size from randomized fields of view from the center of the coverslip.

1.4.  Transwell Migration and Flow Cytometric Counting. Neutrophils were 
freshly isolated, after which 105 cells were layered on top of a 3-µm porous membrane 
of a Boyden chamber set-up. Different concentrations of LTB4 were brought in contact 
with the cells through the bottom chamber. Cells were allowed to migrate to the bot-
tom well for a period of 1 h at 37 °C and 5% CO2. After migration, the top cell insert 
was removed and the liquid in the bottom well was collected. Cells were pelleted and 
resuspended in PBS. After collection, cells were stained for flow cytometric detection of 
neutrophils through incubation with anti-CD45 and anti-Ly6G antibodies. Neutrophils 
were identified as CD45-Ly6G double-positive population. Results are depicted as fold 
increase of migrated cells compared to the unstimulated control sample.
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1.5.  Time Lapse Visualization by Spinning Disc Confocal and DIC 
Microscopy. Time-lapse microscopy was performed using isolated peripheral 
mouse neutrophils from either NLRP3+/+ or NLRP3−/− mice. Isolated neutro-
phils were used directly, or stained using spyDNA (SpiroChrome) or SiR-Tubulin 
(SpiroChrome) and brought into a µ-chemotaxis slide (IBIDI) at a concentration of 
10 × 106/mL. Cells were allowed to adhere for 10 min at 37 °C and 5% CO2 after 
which a LTB4 gradient was constructed according to the manufacturer’s instruc-
tions. To study cell movement, the chemotaxis slides were located on a 37 °C 
prewarmed microscope stage after which three to five random fields per channel 
were identified. These fields were visualized using a Nikon Eclipse Ti2 microscope 
equipped with Perfect Focus, a Yokogawa CSU-W spinning disc scanhead, a Nikon 
motorized stage with xy linear encoders containing a Nano-Z100 piezo insert, and 
a Hamamatsu Orca-flash 4.0 v3 camera. Confocal and DIC images were acquired 
every minute for a period of 60 min.

1.6.  Laser-Induced Liver Burn Injury and Intravital Microscopy. Induction 
of liver injury through a laser-induced burn and subsequent intravital microscopy 
was performed as follows: Mice were anesthetized and injected with Dextran 
Fluorescein (Thermo Fischer) and PerCP-conjugated anti-Ly6G (Biolegend). 
Abdominal fur was removed and a midline laparotomy was performed to 
expose the liver. Next, the imaging apparatus, comprising a suction window 
attached to a micromanipulator was placed over the exposed liver, and 25 to 
35 mmHg of suction (Amvex Corporation) was applied in order to immobilize 
the liver. Following immobilization, the two-photon Olympus XLUMPLFLN 20× 
water dipping objective was lowered into place over the suction window. During 
acquisition, sterile injury was induced by a fixed line of the Chameleon Discovery 
laser at 1,040 nm. Images were acquired with the tunable line set at 960 nm. 3D 
imaging was performed using Z stacking with 2-µm Z-stacks, one time point/30 
s at a resolution of 512 × 512 for a period of 2.5 h. Neutrophil directionality 
and migration were analyzed using IMARIS software in a blinded manner. On 
average, 50 neutrophils per experiment were tracked for the complete 150 min. 
follow-up period.

1.7.  Data Visualization and Statistical Analysis. Rose plots and directionality 
plots were constructed using Matlab (R2022a – 9.12.0.1975300) using an in-
house script (supplement). In the directionality plots, the number of neutrophils 
at the end of the experiment migrated to one of 16 segments is given as the 
percentage of the total amount of cells followed. When cells did not migrate 
more than 10 µm in any direction, they were taken together in the central circle, 
of which the radius is a measure for the percentage of cells. All data are repre-
sented as median ± interquartile range. Statistical analysis was performed using 
GraphPad Prism (9.3.1). Significance was tested through Mann–Whitney U test 
or unpaired t test when comparing two groups, and through a Kruskal–Wallis 
multiple comparison test for the comparison of more than two groups. P < 0.05 
was considered statistically significant.

2.  Results

2.1.  Murine Neutrophils form NLRP3 Inflammasome in Response 
to LTB4 Stimulation. First, we sought to confirm that in vitro 
stimulation of primary neutrophils resulted in inflammasome 
formation in NLRP3+/+, but not NLRP3−/− cells (Fig. 1 A and 
B). We fixed and immunostained cells for ASC after stimulation 
with either nigericin or LTB4 for 1 h to assess inflammasome 
assembly. This showed increased levels of ASC-speck formation in 
NLRP3+/+ neutrophils when stimulated with either nigericin, or 
40 and 400 pg/mL of LTB4 compared to NLRP3−/− neutrophils 
exposed to similar conditions (Fig. 1 A and B). It should be noted 
that this single timepoint assay likely underestimates ASC speck 
formation, which is a dynamic process that is not synchronized 
among individual cells. However, these results show that, murine 
neutrophils form NLRP3 inflammasomes in response to LTB4 
stimulation (Fig. 1B).

2.2.  NLRP3 Promotes Rapid Chemotactic Motility in Neutrophils. 
In order to reach a site of inflammation or infection, neutrophils 
are required to transmigrate through the endothelial cell layer and 

migrate through tissue toward chemoattractant molecules released 
at the site of inflammation. We thus next sought to determine 
the role of the NLRP3 inflammasome in chemotactic migration. 
We first examined chemotactic ability using an in vitro transwell 
chemotaxis assay with LTB4 as chemoattractant. This showed that 
NLRP3+/+ neutrophils chemotaxed significantly better toward 
LTB4 compared to NLRP3−/− neutrophils (Fig. 2A). To determine 
if the chemotactic defect in NLRP3−/− neutrophils was due to 
defects in cell migration, we performed time-lapse phase-contrast 
microscopy of neutrophils migrating in a stable LTB4 gradient 
established in a microfluidic chamber. Examination of time-lapse 
videos showed that while a substantial fraction of NLRP3+/+ 
neutrophils migrated rapidly in the direction of higher LTB4 
concentration, neutrophils lacking NLRP3 (NLRP3−/−) remained 
largely stationary, independent of their position in the LTB4 
gradient (Fig. 2B) (Movie S1). Furthermore, single-cell tracking 
and quantitative analysis of motility parameters showed that 
NLRP3−/− neutrophils displayed significantly reduced total path 
length and directional persistence (distance from origin, Fig. 2 
C and D) compared to NLRP3+/+ cells. In addition, the mean 
migration velocity of NLRP3−/− neutrophils was significantly lower 
compared to NLRP3+/+ neutrophils, even in the absence of LTB4 
stimulation, although this difference was enhanced by steeper 
LTB4 gradients (Fig. 2E). To determine if NLRP3 contributed 
to the chemotactic directionality of neutrophil migration, we 
analyzed motility relative to the direction of the LTB4 gradient. 
Trajectory plots of cell movement demonstrated that NLRP3+/+ 
neutrophils displayed increasingly biased directional movement 
toward higher levels of LTB4, while NLRP3−/− neutrophils 
showed very limited movement with no underlying directionality, 
independent of the steepness of the LTB4 gradient (Fig. 2F). This 
was further confirmed by Rose plot histograms, (Fig. 2G), which 
showed that neutrophils isolated from NLRP3+/+ mice exhibited 
a marked directional bias toward increasing levels of LTB4, with 
a very strong bias in movement up a gradient of 4,000 pg/mL 
of LTB4. In contrast, this directional bias was absent in the 
neutrophils isolated from NLRP3−/− mice, independent of the 
LTB4 concentration (Fig. 2G). Together, these results show that 
neutrophils lacking NLRP3 are defective in rapid chemotactic 
motility toward LTB4, suggesting that NLRP3 is required for 
chemotactic migration of neutrophils.

2.3.  NLRP3 Is Required for Establishing Polarity of the 
Neutrophil Microtubule Cytoskeleton in Response to an LTB4 
Gradient. Chemotactic migration requires translation of the 
reception of directional chemical cues present in the surrounding 
environment into spatially constrained subcellular signaling that 
causes polarization of the microtubule and actin cytoskeletal 
machinery, resulting in cell protrusion toward the cue to initiate 
directional motility. Therefore, we sought to determine whether 
NLRP3 promoted directional chemotactic motility of neutrophils 
through effects on cell and cytoskeletal polarization. Upon 
labeling of the neutrophil microtubule cytoskeleton with SiR 
tubulin and placement of the cells in a stable gradient of LTB4, 
NLRP3+/+ neutrophils lost their rounded shape, became elongated, 
and started migration toward the increasing concentration of 
LTB4. In contrast, NLRP3−/− neutrophils remained well spread, 
relatively circular, and appeared stationary. Quantification of 
cell area confirmed that loss of NLRP3−/− significantly increased 
neutrophil spreading as compared to NLRP3+/+ neutrophils, even 
in the absence of stimulation (Fig. 3A). To quantify polarization 
of the neutrophil cytoskeleton, we analyzed the displacement of 
the MTOC relative to the cell centroid, which would increase 
with higher polarization (40, 41). In the absence of LTB4 
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stimulation, the MTOC appeared to reside in the cells’ center 
with microtubules emanating from it to the cells’ periphery in 
both NLRP3+/+ and NLRP3−/− neutrophils, with microtubules 
in NLRP3+/+ cells notably shorter than those in NLRP3−/− 
cells (Movie S2). Quantitative analysis of MTOC/centroid 
displacement confirmed a lack of cytoskeletal polarization in 
the absence of LTB4 stimulation. However, when NLRP3+/+ 
neutrophils were exposed to a gradient of LTB4, as the cells 
adopted an elongated morphology, the MTOC and its associated 
MTs appeared to localize away from the cell center toward one 
end of the elongated cell, independent of the gradient steepness. In 
contrast, the LTB4 gradient had no effect on the central position of 
the MTOC in NLRP3−/− neutrophils (Fig. 3 B and D). To confirm 
adoption of a polarized cell shape, we measured cell elongation as 
the aspect ratio of an ellipse fitted to the cell outline. This showed 
that when external stimuli were absent, there was no difference 

in cell elongation between NLRP3+/+ and NLRP3−/− neutrophils, 
with the ratio of the ellipse axes approaching one, representing a 
circle. However, when stimulated with LTB4, NLRP3+/+ but not 
NLRP3−/− neutrophils showed an increase in elongation (Fig. 3 
C and D). These results show that loss of NLRP3 is associated 
with a spread morphology as well as an inability of neutrophils to 
elongate and polarize their MT cytoskeletons relative to an LTB4 
gradient, indicating that NLRP3 is required for establishment of 
neutrophil polarity during chemotaxis.

2.4.  NLRP3 Inflammasome Assembly Promotes Directional 
Movement of Neutrophils. We next sought to determine if 
NLRP3’s requirement in neutrophil chemotaxis was mediated 
by its function in the inflammasome or by another cytoplasmic 
activity of NLRP3. To test this, we utilized a small molecule 
inhibitor, MCC950, which specifically blocks the ability of 

Fig. 1. Stimulation of primary murine neutrophils through leukotriene B4 results in the formation of NLRP3 inflammasome. (A) Stimulation of primary isolated 
murine neutrophils with increasing concentrations of LTB4 resulted in increased occurrence of NLRP3 inflammasome formation, as visualized as ASC-speck in 
NLRP3+/+ neutrophils. In neutrophils deficient in NLRP3 (NLRP3−/−), ASC-speck formation was visibly reduced upon LTB4 stimulation. Stimulation of neutrophils 
through potassium ionophore nigericin was taken as a positive control for inflammasome formation. (B) Representative images of isolated neutrophils in absence 
and presence of LTB4 stimulation (4,000 pg/mL), scale bar represents 10 µm. Mann–Whitney U test used for statistical analysis of two groups (P < 0.05 *, n = 4 to 5).

http://www.pnas.org/lookup/doi/10.1073/pnas.2303814120#supplementary-materials
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Fig. 2. NLRP3 deficiency impairs proper neutrophil chemotaxis in response to LTB4 gradient. (A) Transwell migration of isolated neutrophils through Boyden 
chamber set-up resulted in reduced migration of NLRP3−/− neutrophils compared to NLRP3+/+ cells in the presence of 400 pg/mL LTB4, but not 4,000 pg/mL. 
(B) representative images of NLRP3+/+ (Left) and NLRP3−/− neutrophils (Right) in the presence of a stable 4,000 pg/mL LTB4 gradient. Cells were tracked for a 
period of 1 h, scale bar represents 50 µm. (C–E) Quantification of cellular movement as a result of stimulation using different concentration gradients of LTB4. 
(C) Quantification of total distance traveled of cells in a period of 1 h. (D) Distance from the starting point was quantified as the length at which the neutrophil 
was located at the end of the 1 h follow through live-cell imaging. (E) Quantification of the mean velocity at which cells displaced was taken as the average of 
cellular velocity every minute, taken for a period of 1 h in presence of LTB4 stimulation. (F) Rose plots of cellular displacement after 1 h of stimulation using the 
designated concentration gradients of LTB4. Cellular movement is visualized by bringing the starting point of each cell to the center of the Cartesian coordinate 
system. Cells were followed for a period of 1 h, the number of cells followed in each condition is depicted in the top right corner of the corresponding rose plot. 
(G) Directionality plots give an unbiased depiction of the direction in which cells traveled upon stimulation through exogenous LTB4. Cells which stayed in the 
confinement of 10 µm in any direction of the starting point were taken in the central circle of the plot, of which the radius represents the percentage of cells. 
Percentage of cells which ended up in any of the 16 segments of the directionality plots are represented by the length of the plot in the respective segment. 
Kruskal–Wallis test was used for statistical analysis of two groups (P < 0.05 *, < 0.0001 ****, n = 3 to 6).
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NLRP3 to assemble into the inflammasome without affecting 
possible inflammasome-independent functions of NLRP3 (42). 
Time lapse microscopy and quantitative analysis of neutrophils 
in a gradient of LTB4 showed that addition of MCC950 to 
NLRP3+/+ neutrophils did not impact general movement, as 
measured by total path length and mean migration velocity, 
compared to vehicle alone (Fig. 4 A and C). However, MCC950 
treatment did significantly reduce the directional persistence of 
NLRP3+/+ neutrophil migration, albeit not to the same extent as 
total loss NLRP3 (Fig. 4B). The differential effects of MCC950 
on neutrophil motility versus directionality was further confirmed 
by trajectory and Rose plots, in which NLRP3+/+ cells displayed 
migration paths that were strongly biased in the direction of the 
LTB4 gradient, while MCC950-treated NLRP3+/+ cells had paths 
with reduced directional bias and NLRP3−/− cells exhibited no 
directional bias at all (Fig. 4 D and E). In addition, the effect 
of MCC950 treatment on cellular elongation and polarization 
was quantified by measuring the aspect ratio of the best fitted 
ellipse to the cell outline. Interestingly, the treatment of NLRP3+/+ 
neutrophils in a stable LTB4 gradient with MCC950 resulted in a 
decrease in the cellular elongation, seen as a decrease in the aspect 
ratio toward a value of one. Prevention of NLRP3 inflammasome 
assembly by treatment of neutrophils with MCC950 partially 
decreased polarity, as the aspect ratio of the ellipse axis of MCC950-
treated cells still showed to be elevated as compared to NLRP3−/− 
cells (Fig. 4F). However, confocal imaging of MCC950-treated 

NLRP3+/+ neutrophils in a stable LTB4 gradient showed that they 
adopted a more circular morphology, resembling NLRP3−/− cells 
in a similar gradient, while vehicle-treated NLRP3+/+ cells showed 
elongation in the gradient (Fig. 4G). These results indicate that the 
NLRP3 inflammasome is required for formation of an elongated, 
polarized cell shape in response to an LTB4 gradient, while non-
inflammasome functions of NLRP3 may contribute to random 
cell movement.

2.5.  NLRP3 Is Required for the Establishment of Neutrophil 
Polarization, Thereby Initiating Directional Migration toward 
an LTB4 Gradient. Chemotaxis requires first the establishment of 
cell polarization followed by steering of directed motility toward 
the chemotactic cue. Our data indicate that NLRP3 is required for 
cell polarization, but it is unclear if NLRP3 is required for steering 
migration toward LTB4. It is well established that pharmacological 
disruption of the microtubule cytoskeleton causes neutrophils to 
adopt an elongated shape in the absence of a chemotactic gradient 
(43). Therefore, neutrophils were treated with nocodazole (10 µM) 
to depolymerize the microtubules and induce an elongated state 
to determine if induction of polarization was sufficient to rescue 
directional migration of NLRP3−/− cells in an LTB4 gradient. 
Indeed, we found that nocodazole-treated NLRP3−/− cells showed 
a cellular elongation response to an LTB4 gradient, which was 
comparable to both nocodazole-treated NLRP3+/+ as well as 
untreated NLRP3+/+ cells (dotted line, controls from Fig. 2), while 

Fig. 3. Deficiency in NLRP3 results in an inability of neutrophils to polarize in response to the presence of an LTB4 gradient. (A) Cellular spreading, as quantified 
by the surface area of the cell in the field of view, is significantly increased in the absence of NLRP3, both in the presence and absence of an LTB4 gradient.  
(B and C) quantification of neutrophil polarization through microtubule organizing center displacement (MTOC) and cellular elongation. (B) Displacement of the 
MTOC compared to the cell’s centroid position was taken as a measure for cellular polarization. NLRP3−/− neutrophils showed decreased capability for MTOC 
displacement away from the centroid position upon contact with a extracellular LTB4 gradient. (C) Cellular elongation, determined as the ratio of major and 
minor axis of the best fit ellipse on the cell. Again, a clear decrease in the propensity to elongate was observed in the NLRP3−/− neutrophils. (D) representative 
images of neutrophils, stained through SiR-tubulin, allowing for real-time visualization of the microtubule cytoskeleton. The shape of the cell is indicated through 
a blue dotted line, and the position of the MTOC is given by white arrowheads. A comparison between neutrophils at timepoint tn and 1 min later (tn+1) shows 
a clear polarization of NLRP3+/+ but not NLRP3−/− neutrophils, scale bar represents 10 µm. Kruskal–Wallis test was used for statistical analysis of two groups  
(P < 0.05 *, < 0.01 **, < 0.0001 ****, n = 3 to 4).
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vehicle-treated NLRP3−/− cells did not show an elongation response 
(Fig.  5 A and B). Examination of motility parameters showed 
that nocodazole treatment of NLRP3−/− neutrophils significantly 
increased the total path length, directional persistence, and velocity 
as compared to vehicle-treated NLRP3−/− neutrophils, indicating 
that induction of cell polarity was sufficient to rescue the defects in 
migration caused by loss of NLRP3. However, nocodazole-treated 
NLRP3−/− neutrophils still showed a significant decrease in total 
migration, directionality of migration, and velocity compared to 
nocodazole-treated NLRP3+/+ cells and vehicle-treated NLRP3+/+ 
cells (dotted line, controls from Fig. 2) (Fig. 5 C–E). Importantly, 

rose plots showed that nocodazole-induced motility of NLRP3−/− 
cells lacked a sense of direction and was randomly oriented with 
respect to the LTB4 gradient (Fig.  5 F and G). Together with 
our other findings, we conclude that the NLRP3 inflammasome 
promotes directional chemotaxis to an LTB4 gradient through 
initiation of a polarized state that is required for directional 
neutrophil movement.

2.6.  Absence of NLRP3 Prevents In Vivo Neutrophil Swarming 
toward a Laser-Induced Liver Burn Injury. To visualize individual 
neutrophil movement in  vivo, we adopted the laser-induced 

Fig. 4. Inhibition of inflammasome assembly through treatment with MCC950 decreases directional migration of NLRP3+/+ neutrophils. (A–C) Quantification of 
neutrophil movement in response to a 4,000 pg/mL concentration gradient of LTB4, in the presence or absence of MCC950 pretreatment. (A) Quantification of 
total path length of neutrophils pretreated with either vehicle or MCC950, a small molecule inflammasome assembly inhibitor. (B) Distance from origin quantified 
as the shortest distance to the starting position at the 1-h mark of neutrophil follow-up. Cells were tracked for 1 h following preincubation with MCC950 or 
vehicle. (C) Quantification of mean cellular velocity over a 1-h follow-up period of neutrophils through live-cell imaging. (D) Rose plots of neutrophil migration in 
response to a 4,000 pg/mL LTB4 gradient, with the total number of cells depicted in the top right corner of the corresponding plot. (E) Directionality plots of 1-h 
neutrophil tracking in a stable LTB4 concentration gradient. (F) Cellular polarization, quantified through the effect ratio of the best fit ellipse. (G) Representative 
images of cellular elongation in response to LTB4 gradient. Images were taken randomly during the 1-h follow-up (tn) and 1 min late (tn+1) to show the dynamic 
motion of cells in response to external LTB4 gradient of 4,000 pg/mL. MCC950 drastically reduced distance traveled from the origin and the extent of NLRP3+/+ 
neutrophil elongation. Kruskal–Wallis test was used for statistical analysis of two groups (P < 0.001 ***, < 0.0001 ****, n = 4).



8 of 11   https://doi.org/10.1073/pnas.2303814120� pnas.org

liver injury intravital microscopy model (44). Neutrophils were 
rapidly recruited toward the site of the injury in NLRP3+/+ mice. 
However, this chemotactic migration was significantly reduced 
in NLRP3−/− mice (Movie S3). Starting 30 min. after induction 
of the sterile injury a clear increase in the directional migration 
of neutrophils toward the site of the burn injury was observed 
only in the NLRP3+/+ mice. For the remaining 120 min. of the 
observation period, similar yet less pronounced observations 

were made (Fig. 6A). When quantifying neutrophil directionality 
and migratory pathways for the whole experimental period, the 
directionality of migration toward the site of injury is clearly 
visible for NLRP3+/+, seen as directionality arrows pointing mostly 
toward the site of laser-induced burn injury in the NLRP3+/+ 
mice (Fig. 6B). For NLRP3−/− mice, this directionality is greatly 
affected, seen by a reduction in arrow length, as well as more 
unspecific migration (Fig. 6B). This was confirmed by determining 

Fig.  5. Pharmacological break-down of the microtubule cytoskeleton by nocodazole rescues cellular movement but not directionality of NLRP3-deficient 
neutrophils. (A) Vehicle-treated NLRP3−/− neutrophils showed a clear impairment of cellular elongation, quantified through the effect ratio of the best fit ellipse. 
(B) Representative images of cellular elongation in response to LTB4 gradient. Images were taken randomly during the 1-h follow-up (tn) and 1 min late (tn+1) to 
show the dynamic motion of cells in response to external LTB4 gradient of 4,000 pg/mL. While nocodazole promoted NLRP3−/− cell elongation and migration, it did 
not improve chemotaxis toward the LTB4 gradient. (C–E) Quantification of cellular movement of neutrophils following real-time tracking of cells in the presence 
of a 4,000 pg/mL gradient of LTB4. Prior to exposure to LTB4 gradients, neutrophils were pretreated for 1 h with nocodazole or vehicle in order to break down 
the microtubule cytoskeleton. The mean of NLRP+/+ neutrophils, taken from (Fig. 2 C and D) are depicted as a dotted line. Total distance traveled of neutrophils 
over a 1-h time period in an LTB4 gradient. Treatment of NLRP3−/− neutrophils with nocodazole increased their migration significantly as compared to vehicle-
treated NLRP3−/− neutrophils. (F) Rose plots of cellular movement confirm that NLRP3−/− neutrophils show increased movement as compared to vehicle-treated 
NLRP3−/− cells. However, cellular migration of NLRP3+/+ cells, treated with nocodazole, was still significantly higher. (G) Directionality plots show that the treatment 
of NLRP3−/− neutrophils with nocodazole resulted in a migration without a bias as regard to direction, directionality was also reduced in NLRP3+/+ neutrophils 
treated with nocodazole. Kruskal–Wallis test was used for statistical analysis of two groups (P < 0.05 *, < 0.01 **, < 0.001 ***, < 0.0001 ****, n = 6).

http://www.pnas.org/lookup/doi/10.1073/pnas.2303814120#supplementary-materials
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the percentage of neutrophils migrating toward the site of the burn 
injury by a blinded investigator. Quantification of this process 
of directed neutrophil migration revealed a significant increase 
in the percentage of neutrophils migrating toward the burn 
injury in NLRP3+/+ mice compared to NLRP3−/− mice (Fig. 6C). 
These in vivo observations further support the role of NLRP3 in 
neutrophil chemotaxis.

3.  Discussion

In this study, we provide evidence for an intracellular function of 
neutrophil inflammasome. We have recently observed that 
neutrophil-derived, NLRP3-dependent IL-1β released early in 
inflammation increases venular cell adhesion molecule expression, 
which favors neutrophil extravasation. We further identified that 
NLRP3 is required for neutrophil recruitment to the peritoneum 
in a model of thioglycolate-induced peritonitis (19). We now show 
here that formation of the NLRP3 inflammasome at the neutro-
phil MTOC (25) is necessary for neutrophil polarization, required 
for directional migration toward an in vitro gradient of the impor-
tant chemoattractant LTB4.

Beside chemotaxis, LTB4 is known to activate neutrophils 
toward the formation of neutrophil extracellular traps (NETs) 
(45). Essential in NETosis is the activation of the NLRP3 inflam-
masome (24). Indeed, upon stimulation of NLRP3+/+, but not 
NLRP3−/− neutrophils with LTB4, we observed an ASC-speck 
in a subset of cells. ASC speck forms very early in the activation 
process indicating that it may have many cellular functions 
before inducing death by pyroptosis/NETosis in some cells. 
Guided by the observation that NLRP3-deficient neutrophils 
show reduced extravasation into the peritoneum upon injection 
of the chemical irritant thioglycolate (19), we decided to study 
neutrophil chemotaxis in vitro. Indeed, NLRP3−/− neutrophils 
showed decreased chemotactic potential in a Boyden chamber 
set-up, using LTB4 as a chemoattractant. These findings were 
further supported by a reduction in cellular migration toward a 
gradient of LTB4 in real time, visualized through time-lapse 
imaging of NLRP3−/− neutrophils. In addition to showing a 
marked reduction in overall movement, the directionality of 
movement of NLRP3−/− cells was significantly decreased, and 
resembled random migration rather than directional chemotaxis 
toward higher concentrations of LTB4.

Prior to cellular migration and chemotaxis, neutrophil polari-
zation plays a key role in sensing chemotactic molecules. Of special 
importance is the cellular location of the MTOC, and its radiating 
microtubules, as these structures are in part responsible for vesic-
ular transport, thereby creating a polarized asymmetry inside the 
cell (46, 47). In contrast to NLRP3-positive cells, in NLRP3−/− 
neutrophils, MTOC displacement from the cell center as part of 
polarization of the cells was minimal in response to a gradient of 
LTB4. These results imply a direct role for the NLRP3 inflam-
masome in the formation of a polarized cell morphology, essential 
for neutrophil chemotaxis. Until now, a direct link between the 
NLRP3 inflammasome and the basic cell biology of motility or 
directional migration was not described. The inflammasome is 
known to be a vital regulator of inflammation through maturation 
of inflammatory cytokines (48). However, the release of these 
inflammatory cytokines needs to be perfectly timed and strictly 
regulated to take place at the correct time, and location. Therefore, 
the close interaction between cytokine production and chemotaxis 
may be of importance.

A distinction has to be made between the role of cytoplasmic 
NLRP3, and NLRP3 associated with the inflammasome. The 
small molecule inhibitor of inflammasome assembly and acti-
vation, MCC950, has been shown to attenuate disease symp-
toms and progression in several inflammatory disease models 
e.g., experimental autoimmune encephalomyelitis (42), spon-
taneous colitis (49), and myocardial infarction (50, 51). In order 
to assess the importance of inflammasome assembly in chemo-
taxis, we treated neutrophils with MCC950 prior to cellular 
tracking in response to LTB4. Interestingly, MCC950 treatment 
of NLRP3+/+ neutrophils did not have a marked effect on the 
distance of neutrophil migration, but negatively affected direc-
tionality of movement. This reduction in directionality of 
MCC950-treated NLRP3+/+ neutrophils can be explained by 
the observed inhibition of the elongation/polarization of the 
neutrophils in response to the LTB4 gradient, as the treatment 
with MCC950 rendered NLRP3+/+ neutrophils more rounded, 
and comparable to the morphology of NLRP3−/− neutrophils, 
while vehicle-treated NLRP3+/+ cells took on an elongated mor-
phology in similar gradients of LTB4. Therefore, it is the assem-
bly of the NLRP3 protein in the NLRP3 inflammasome 
complex which is required for neutrophil polarization prior to 
chemotaxis. However, MCC950 treatment only resulted in a 

Fig. 6. NLRP3 deficiency reduces neutrophil chemotaxis toward a laser-induced liver burn injury. (A) Representative intravital microscopy images acquired 
every 30 s for a period of 150 min following laser-induced liver burn injury. Neutrophil migration toward the burn was tracked during this period. Neutrophils 
are highlighted by yellow arrows, directionality of the arrow depicts the direction of neutrophil migration in the next frame. We observed an increase in blood 
vessel dextran leakage in the livers of NLRP3+/+ mice following injury, seen as an increasing area of green fluorescence outside the liver microvasculature.  
(B) Visualization of neutrophil tracking during the 150-min follow-up period. Arrows depict the start and end point of the neutrophil during the 150 min of 
follow-up. (C) Quantification of the fraction of neutrophils that migrated toward the site of injury over the 150-min follow-up period by a blinded investigator, 
presented as the percentage of neutrophils from the total number of neutrophils inside the field of view during the follow-up period. Unpaired t test was used 
for statistical analysis of two groups (P < 0.05 *, n = 3).
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partial inhibition of movement of NLRP3+/+ neutrophils, some-
thing which can possibly be explained by an incomplete inhi-
bition of the NLRP3 inflammasome formation by the drug 
under our experimental conditions or by a yet unknown alter-
native function of soluble NLRP3 molecules in motility.

Neutrophil chemotaxis requires a spatiotemporal regulation of 
intracellular signaling events. These intracellular signaling events 
affect both microtubules and actin cytoskeleton, both of which 
are essential for neutrophil polarization (43, 52). Central in this 
signaling cascade is the activation of Rho, a family of small 
GTPases, which control the dynamic organization of the actin 
cytoskeleton, thereby providing the required forces for cell motility 
(53). Sequestration of these Rho GTPases by the microtubules is 
known to inhibit their activity, thereby suppressing neutrophil 
polarization. Disruption of the microtubule cytoskeleton, e.g., by 
nocodazole treatment, causes Rho activation, polarization, and 
cellular migration of wild-type neutrophils (43, 54). In NLRP3−/− 
neutrophils, pretreatment with nocodazole resulted in a partial 
rescue of the migratory phenotype when compared to NLRP3+/+ 
neutrophils treated with similar concentrations of nocodazole. 
However, nocodazole treatment of NLRP3+/+ cells impaired direc-
tional migration, a finding which is in line with previous studies 
performed in dHL-60 cells (43). Nevertheless, microtubule dis-
ruption through nocodazole treatment resulted in a significant 
increase in overall movement of NLRP3−/− cells as compared to 
vehicle-treated NLRP3−/− neutrophils. In addition, nocodazole 
treatment of the NLRP3−/− cells resulted in a complete rescue of 
LTB4-induced elongation of the cells. Despite the artificial rescue 
of neutrophil polarization by nocodazole, the NLRP3−/− cells were 
unable to migrate toward the chemotactic gradient.

Finally, we wished to visualize neutrophil chemotaxis to tissue 
injury through intravital microscopy to confirm NLRP3 importance 
in an in vivo model. We chose a sterile liver injury induced by a 
laser to evaluate the physiological role of NLRP3, in neutrophil 
migration toward the wound. We observed a clear defect in the 
directionality of movement of neutrophils toward the wound in the 
NLRP3−/− livers, in accordance with our in vitro observations.

4.  Conclusion

The role of the NLRP3 inflammasome in neutrophils has long 
been overlooked. However, in recent years, its implications in 
neutrophil activation and function have been established in several 
pathogen-induced, as well as sterile settings of inflammation. 

Here, the role of NLRP3, and its assembly in the NLRP3 inflam-
masome, is shown to play an essential role in neutrophil polari-
zation to mediate directional migration and chemotaxis in vitro 
toward a gradient of LTB4. In addition, in vivo migration toward 
a sterile liver burn injury was observed to be reduced in the 
absence of NLRP3 as well. These findings in combination with 
recently published work from our group broadens the knowledge 
of neutrophil NLRP3 inflammasome and serves as the stepping 
stone for further investigation into the mechanistic role of the 
NLRP3 inflammasome in the signaling cascade resulting in 
neutrophil activation and chemotaxis. In addition, this work 
reveals questions about inflammasomes in other polarized or 
migratory cells.

Data, Materials, and Software Availability. Microscopy files – Live cell 
imaging files (analyzed data) data have been deposited in Figshare (https://
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CombinedData_VanBruggenEtal_xlsx/23816418). Some study data available 
(Raw life cell imaging data files are too big, but we hereby confirm that upon 
reasonable request, the raw data for the publication will be shared).
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