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Abstract 
 
The NLRP3 inflammasome is a multi-protein molecular machine that mediates inflammatory responses in 
innate immunity. Its dysregulation has been linked to a large number of human diseases. Using cryogenic 
fluorescence-guided focused-ion-beam (cryo-FIB) milling and electron cryo-tomography (cryo-ET), we 
obtained 3-D images of the NLRP3 inflammasome in situ at various stages of its activation at 
macromolecular resolution. The cryo-tomograms unexpectedly reveal dense condensates of the human 
macrophage NLRP3 inflammasome that form within and around the microtubule organizing center 
(MTOC). We also find that following activation, the trans-Golgi network disperses and 50-nm NLRP3-
associated vesicles appear which likely ferry NLRP3 to the MTOC. At later time points after activation, the 
electron-dense condensates progressively solidify and the cells undergo pyroptosis with widespread 
damaged mitochondria and autophagasomal structures.  
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Introduction 
 
Canonical inflammasomes are cytoplasmic supramolecular complexes responsible for detecting and 
sensing infections and cellular distress (1-3). Upon activation, these multi-protein complexes assemble 
into supramolecular structures that activate pro-caspases, release proinflammatory cytokines, and 
eventually cause pyroptotic cell death (1-3). One of the most extensively studied members in this family, 
the NLRP3 inflammasome, is composed of an NLRP3 sensor protein (also known as cryopyrin), an 
apoptosis-associated speck-like protein containing a C-terminal caspase recruitment domain (ASC) 
adaptor, and the pro-caspase-1 effector (1, 2, 4, 5). Early studies revealed that germline mutations and 
hyperactivity of NLRP3 are associated with rare hereditary autoinflammatory diseases in humans (6-8). 
NLRP3 has also now been implicated in the development of many common diseases including 
Parkinson’s disease, Alzheimer’s disease, cardiovascular diseases, and age-related metabolic 
complications (1, 6-9).  
 
In macrophages, activation of the NLRP3 inflammasome involves two steps. In the first step (priming), 
Toll-like receptors (TLRs) on the cell surface recognize pathogen-associated molecular patterns (PAMPs) 
or damage-associated molecular patterns (DAMPs). This leads to the production of inflammasome 
proteins including NLRP3 and the precursor of proinflammatory cytokine IL-1β (1, 2, 4, 5). In the second 
step, bacterial toxins like nigericin, extracellular ATP, or other molecules induce cellular K+ efflux and 
NLRP3 activatiion. Active NLRP3 recruits ASC, which is thought to polymerize and thereby cause 
caspase-1 processing via proximity-induced dimerization and self-cleavage (1-3, 5, 10). Active caspase-1 
cleaves the precursors of IL-1β and IL-18, leading to their maturation (11). Active caspase-1 also cleaves 
the pore-forming protein gasdermin D (GSDMD), which then forms pores in cytoplasmic membranes that 
release the processed cytokines and induce pyroptosis (12). 
 
By fluorescence microscopy, the NLRP3 inflammasome is seen as a single speck within each cell (13-
15). Some of us (Magupalli et al.) and others showed previously that this single speck contains the 
caspase-1 holoenzyme and colocalizes with the microtubule-organizing center (MTOC) (9, 14, 16). Many 
in-vitro structures of purified components and reconstituted sub-assemblies are already available, 
including cryo-EM structures of inactive, monomeric NLRP3 (in complex with NEK7) (17, 18); oligomeric 
NLRP3 (18-21); and NLRP3 in active-disc form (in complex with NEK7 and ASC) (10). A recent in situ 
cryo-ET study of ASC-overexpressing mouse immortalized bone-marrow-derived macrophages (iBMDMs) 
(22) revealed networks of ASC filaments (23), consistent with reports that purified ASC pyrin domain 
(PYD) and caspase-recruitment domain (CARD) assemble into filaments in vitro (24, 25). However, it 
remains unclear if they were an artifact of ASC over-expresssion.  
 
Cryo-FIB milling and cryo-ET have become powerful techniques to visualize protein complexes in their 
near-native state to macromolecular resolution (26, 27). Previous studies have successfully targeted 
certain cells, organelles, and large protein aggregates by fluorescence (23, 27, 28). However, axial 
guidance of the milling remains challenging for small and rare structures, like the MTOC or the NLRP3 
inflammasome, due to registration errors and motion of the sample that occur both during the transfer of 
the sample from the cryogenic light microscope to the FIB-SEM and during the milling process itself. 
These challenges persist even when the light microscope is integrated into the FIB-SEM vacuum 
chamber due to the common configuration of the optical focus and the coincident point of the FIB-SEM 
being in two distinct regions of the vacuum chamber. Here we empolyed a new, tri-coincident cryo-FIB-
SEM-flourescence instrument (29) to overcome these challenges. Using real-time simultaneous 
fluorescence and cryo-FIB to guide the milling and subsequent cryo-ET, we visualized NLRP3 
inflammasomes directly in situ at the MTOC in human macrophages at various stages of activation. 
 
Results 
 
Fluorescence-guided cryo-FIB milling 
 
In order to find the NLRP3 inflammasome (hereafter referred to as simply the inflammasome) in situ and 
guide the FIB-milling, we first constructed a cell line with a fluorescent marker, mScarlet, fused to NLRP3 
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(Fig. S1A). This was done in human THP-1 monocytic cells in which endogenous NLRP3 had been 
knocked out. Monocytic cells were then differentiated into macrophages. This macrophage cell line 
recapitulated all the hallmark behaviors of wildtype inflammasome activation: after priming with 
lipopolysaccharides (LPS) that activate TLR4 and stimulating with nigericin (a potassium ionophore 
frequently used to activate NLRP3 (30, 31)), we observed ASC speck formation, GSDMD processing, and 
cell death as shown by LDH release (Fig. S1B-D). These effects were seen in WT and mSL-NLRP3 cells, 
but not in the parent NLRP3-knock-out cells, confirming the dependence of the processes on NLRP3 
(Fig. S1B-D).  
 
To prepare samples for cryo-ET we milled ~200-nm-thick lamellae (29) within cells at various time points 
before and after priming and stimulation using the ENZEL tri-coinicident cryo-FM and cryo-FIB-SEM 
platform. This stage allows the milling process to be guided in realtime by fluorescence, and with multiple 
color channels (29). Thus, in addition to using mScarlet to mark the inflammasome, we also added SiR-
tubulin to mark the MTOC (32). Untreated cells exhibited only SiR-tubulin signal. Primed cells exhibited 
both mScarlet (NLRP3) and SiR-tubulin signals. Addition of nigericin to primed cells caused the mScarlet 
fluorescence to condense into a single bright punctum colocalized with the MTOC (Fig. S1E, Fig. S2). 
Using this tri-coincident cryo-FIB-milling system, 52 of the 82 total lamella milled retained the target of 
interest, as seen by fluorescence of the final lamella and cryo-ET.  
 
NLRP3 accumulates into a condensate at the MTOC 
 
SiR-tubulin fluorescence was seen to precisely correlate with centrioles in the cryo-tomograms, marking 
the MTOC unambiguously (Fig. 1A-B). In nigericin-stimulated cells, but not in untreated or only LPS-
primed cells, an electron dense region containing irregular patch-like densities was seen between and 
around the centrioles, expanding approximately 2 µm in diameter, (Fig. 1C-D; Fig. 2, H-J; Fig. S3A). The 
patches were variable in size and shape, with rough dimensions of 30 to 200 nm (Fig. S3B). mScarlet 
fluorescence correlated with this electron dense region, identifying it as containing large amounts of 
NLRP3 (Fig. 1C-D; Fig. 2C-E, H-J; Fig. S3A). While the region around the MTOC contained ribosomes 
before stimulation, ribosomes were excluded afterwards. Thus the NLRP3 inflammasome punctum 
correlates to a patchy, electron-dense and ribosome-free condensate, similar to other cellular 
condensates (33, 34). As shown below, the numbers of small vesicles as well as microtubule nucleation 
sites also decreased with time after nigericin stimulation, another indication that the condensate gradually 
excluded other cellular structures (Fig. 3A). No extended filaments besides microtubules were observed, 
unlike an organized network of tubular filaments seen by cryo-ET under an ASC-overexpressing condition 
(23), At later time points after nigericin stimulation (> 30 min), fewer small patches were seen, replaced 
instead by large, more uniformly-dense condensate (Fig. 1D; Fig. 2E).  
 
In order to examine the dynamics of NLRP3 within the condensate, we performed fluorescence recovery 
after photobleaching (FRAP) experiments using mSL-NLRP3 cells also expressing mNeonGreen-ASC. 
Neither NLRP3 nor ASC in the inflammasome speck recovered after photobleaching (Fig. 3B-C), 
suggesting the condensate had solidified. 
 
NLRP3 inflammasome priming and activation perturbs the MTOC  
 
In our tomographic reconstructions, each centriole was seen to be a ring of nine triplets of microtubules 
(MTs) 500-700 nm in length and approximately 250 nm in diameter (Fig. 2F-G, I), consistent with 
previous studies (35-38). In untreated cells, the two centrioles were found to lie perpendicular to each 
other, spaced on average 500 nm apart (Fig. 4A), also consistent with other studies (39). As these 
distances are close to the diffraction limit of our imaging system, under these conditions the two 
centrioles’ fluorescence signal partially overlapped (Fig. 1A-B).  
 
The pericentriolar material (PCM) has been described as a phase-separated compartment in close 
contact with the centrosome that acts as a scaffold for nucleating microtubules (40, 41). While we could 
not discern PCM in the cryo-tomograms of untreated cells, priming with LPS resulted in the appearance 
of dark amorphous densities with well-defined boundaries, tightly associated with the centrioles (Fig. 2B, 
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G, Fig. S3A). As a similarly-dark amorphous material was identified as PCM in a previous report (38), we 
interpret this material to be PCM. In untreated cells, we observed only a few microtubule nucleation sites 
in close proximity to the centrioles, but in LPS-primed cells there were many more, located within the 
PCM (Fig. 4B-C). Microtubule nucleation sites were identified by conically-shaped γ-tubulin ring 
complexes (γtuRC) at the tip (Fig. 4C) (42-44). Recruitment of PCM and enhanced microtubule 
nucleation are both recognized hallmarks of interphase centrosome maturation (45). Thus, our 
observations infer that NLRP3 inflammasome priming induces features of centrosome maturation.  
 
Ten minutes after nigericin stimulation, the two centrioles were observed further apart, approximately 2 
µm away from each other (Fig. 4A), and nearly parallel (Fig. 1C). Notably, before milling, the SiR (tubulin) 
fluorescence appeared as a single punctum, but after milling, each centriole could be resolved (Fig. S2). 
The distance between centrioles has been reported to be cell-cycle dependent. Fully separated centrioles 
(>2 µm) are formed at late G2 phase (46-48). Thus, NLRP3 inflammasome activation induces changes 
characteristic of cell cycle progression.   
 
Inflammasome activation induces Golgi cisternae swelling and disruption 
 
In untreated cells, we observed Golgi stacks with 20-30 nm thick cisternae, similar to what has been 
reported in previous studies (49) (Fig. 5A-B). Following LPS-priming, the diameter of cisternae expanded 
to 80-100 nm (Fig. 5A-B), an effect previously inferred to reflect increased cargo loading (50, 51). To 
investigate Golgi structure with a wider field of view than possible with cryo-ET, we stably expressed 
TGN38-mNeonGreen and recorded fluorescence images. Indeed, area positive for TGN38 also appeared 
to be larger in LPS-primed cells compared to untreated cells, suggesting Golgi expansion (Fig. 5C). We 
hypothesize therefore that the reported increase in NLRP3 recruitment to TGN by LPS priming (52). 
 
In LPS-primed cells we also noticed clusters of  ~50-nm vesicles close to the swollen Golgi (Fig. 6A, Fig. 
S4A-C). While the vesicles appeared to contain some protein density, no regular arrangement could be 
discerned (Fig. S4B). The clusters’ positions and vesicle concentration correlated with mScarlet 
fluorescence intensity, indicating the presence of concentrated NLRP3 (Fig. S5). Similarly-sized vesicles 
were not observed in untreated cells or regions outside NLRP3 fluorescence (Fig. 6A). The presence of 
these vesicles in LPS-primed cells is consistent with the recent finding that NLRP3 is immobilized on 
Golgi before addition of nigericin (51). In nigericin-stimulated cells we again saw 50-nm vesicles, in larger 
numbers, but we could not detect any special spatial correlation between the clusters of vesicles and 
mScarlet fluorescence because the fluorescence signal was uniformly high across the entire area due to 
the growth of the condensate (Fig. S5).  
 
After nigericin stimulation, little or no intact Golgi structure was seen (Fig. 5A). Instead, we observed 
diverse irregular-shaped membrane structures (Fig. 5A). To investigate Golgi structure with a wider field 
of view than possible with cryo-ET, Using THP-1 cells stably expressing TGN38-mNeonGreen, the 
TGN38 fluorescence appeared as dispersed speckles after nigericin stimulation (Fig. 5C), consistent with 
the cryo-ET data. We hypothesize that the 50-nm vesicles are derived from the Golgi during its dispersion 
(19, 53) and carry NLRP3 to the MTOC (Fig. 6A-B). Consistent with this hypothesis, some vesicles were 
non-spherical or even flattened, as expected for different stages of content release (Fig. 6B).  
 
To our surprise we found very few 50-nm vesicles in close contact with microtubule networks or 
intermediate filaments (Fig. S4D). In mouse macrophages, NLRP3 has been demonstrated to interact 
with microtubules and intermediate filaments and inflammasome activation depends on HDAC6-mediated 
microtubule transport (14, 16, 54, 55). We therefore tested whether inflammasome activation was also 
dependent on HDAC6-mediated microtubule transport in our human cells. We found that it was not in 
both WT and mSL-NLRP3 cells, as shown by insensitivity to the microtubule disrupter colchicine and the 
HDAC6 inhibitor tubacin (Fig. S1C-D). This microtubule-independence is in keeping with the recently 
shown NEK7 independence of NLRP3 activation in human macrophages (52). 
 
Notably, we imaged a few LPS-primed cells in which both the MTOC and Golgi stacks were retained in 
the final lamellae. In these cases the swollen Golgi stacks appeared as close as 200 nm away from a 
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centriole (Fig. S4A). By contrast, in untreated mSL-NLRP3 THP-1 cells the MTOC and Golgi were never 
seen together in the same cryo-tomogram, indicating they are more than a few microns apart (the field of 
view of one tomogram), and suggesting that inflammasome activation might bring the entire Golgi close to 
the MTOC, obviating the need for microtubule-based directed transport of vesicles across long distances.  
 
Mitochondria are recruited to inflammasomes and appear damaged  
 
Mitochondria have been reported to play a role in the NLRP3 inflammasome activation pathway (56-59). 
A recent study showed abnormal cristae structure in nigericin-stimulated ASC-overexpressing mouse 
iBMDMs (23). We observed a plethora of mitochondrial morphologies in untreated, LPS-primed, and early 
nigericin-stimulated (10 min) cells, predominantly displaying intact outer membranes and evenly 
distributed cristae, with rare cases showing loss of cristae or irregular-shaped cristae (Fig. S6A). 
However, the number of mitochondria within 5 µm of the MTOC and NLRP3 condensate increased 
dramatically after 10 min of nigericin treatment (Fig. 7A-B). Cells treated with nigericin for more than 30 
min revealed much larger mitochondria with reduced cristae (Fig. S6A), an indication of damage (60). 
Mitochondria were seen in clusters, and some appeared to be fusing (Fig. 7B, Fig. S6B). The formation 
of mitochondrial clusters was previously reported in cells overexpressing mitochondrial fusion protein 
Mfn2, which ultimately underwent caspase-mediated apoptosis (61, 62). Increased mitochondrial 
clustering and fusion have also been observed in cells with elevated levels of reactive oxygen species 
(ROS) (63, 64). As GSDMD-mediated mitochondrial damage has been shown to induce ROS (65, 66), we 
speculate that the mitochondrial clustering and fusion we observed here are caused by similar pathways. 
After 10 minutes of nigericin stimulation, mitochondria were also seen in direct contact with 
autophagosomal-like structures surrounding the NLRP3 condensate (Fig. 7C; Fig. S7A-B). We 
previously showed that NLRP3 inflammasome puncta colocalize with the autophagy marker LC3b (14). 
Here we confirmed that NLRP3 fluorescence again colocalized with LC3b in these cells, indicating that at 
least some of the structures were autophagic (Fig. S7C).  
 
Discussion 
 
Mechanism of NLRP3 inflammasome activation 
 
Our data support the following model for NLRP3 inflammasome activation (Fig. 8). LPS priming enhances 
the Golgi recruitment of NLRP3, causing Golgi cisternae swelling (50, 51). Swollen Golgi cisternae give 
rise to special 50-nm vesicles loaded with NLRP3 and perhaps other inflammasome material. At the 
MTOC, LPS priming leads to increased PCM density and microtubule nucleation (Fig. 8). The Golgi and 
the MTOC move closer together. Nigericin stimulation then leads to complete Golgi dispersion and the 
50-nm vesicles diffuse the short distance to the MTOC without active transport and unload their contents. 
These contents aggregate and recruit/concentrate ASC and caspase-1, leading to caspase-1 activation. 
Mitochondria are recruited and damaged, and autophagasomes appear. The condensate eventually 
solidifies (no exchange of materials), and pyroptosis is triggered. 
 
We were unable to identify regular, ordered structures within the NLRP3-containing patches or later 
condensates. This observation rules out the presence of long, extended polymer tubes, but not smaller 
complexes such as the partial inflammasome disks seen in recombinant samples (10), which might have 
been present. Importantly, regular, ordered structures were also not discernable in single-particle images 
of those recombinant samples - the disc shape and structure only became apparent after extensive 2D 
classification, which required hundreds of thousands of particles (orders of magnitude more than we have 
in the cryo-tomograms). When in a related study ASC was over-expressed, obvious filament structures 
were observed in situ (23). Since NLRP3 inflammasome activation does not require ASC overexpression, 
we posit that extended filamentous structures, which were not observed in our tomographic 
reconstructions, are not necessary for NLRP3 inflammasome activation. Instead, smaller assemblies such 
as partial discs must be sufficient to drive dimerization of the caspase domain of caspase-1 and proximity-
induced enzymatic activation (10). 
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Inflammation and cell division 
 
Our results suggest why formation of the NLRP3 inflammasome and normal cell division are mutually 
exclusive (67): we found that LPS priming led to increased PCM and microtubule nucleation, but NLRP3 
aggregate formation disrupted centriole spacing and created a condensate that enveloped the MTOC 
likely limiting its accessibility by other cell division cofactors (45). These observations are consistent with 
two recent findings that microtubule nucleation requires dynamic PCM (41), and loss of PCM has been 
reported as a consequence of NLRP3 inflammasome activation (68).  
 
Phase separation as a general mechanism to promote innate immune signaling 
 
Biomolecular condensate formation by phase separation has been implicated in numerous biological 
processes (69-71) including immunity to concentrate proteins and drive rapid, switch-like signaling (72-
76). Some of us (Shen et al.) previously found that NLRP6, an inflammasome protein in the same family 
as NLRP3, contains intrinsically disordered regions and forms dynamic condensates when bound to viral 
dsRNA or bacterial lipoteichoic acid (74). The condensate can recruit the ASC adaptor, which in turn 
recruits caspase-1, leading to solidification of the condensate (74). Our results suggest a similar 
mechanism for the NLRP3 inflammasome. The phase separation and multi-protein complexes likely both 
facilitate threshold behavior, spatial control and raised local concentration (77-80). Further elucidation of 
these mechanisms could open up new avenues for therapeutic strategies to dampen overactive immune 
pathways. 
 
Analogy to short-distance presynaptic vesicle trafficking 
 
Intracellular vesicle trafficking is a well-known process for exchanging materials between membrane-
enclosed organelles (81). Facilitated by motor proteins and cytoskeleton tracks, cargoes secured in 
vesicles can be transported long distances from one cellular compartment to another. However, less is 
known about vesicle trafficking across short distances. One example occurs at the synapse where 
presynaptic vesicles in the phase-separated reserve pool travel approximately 200-300 nm to join the 
phase-separated active zone (82-85). Active transport is apparently not required. The NLRP3-associated 
vesicles observed in our study share similar features as presynaptic vesicles: both are spherical vesicles 
of on average 50 nm in size, enriched in high abundance at particular subcellular regions, and diffuse 
short distances to join a phase-separated compartment (86, 87).  
 
Flourescence-guided cryo-FIB milling  
 
Our tri-coincident cryo-FIB-SEM-flourescence instrument allowed us to routinely uncover and preserve in 
lamella sub-diffraction-limited fluorescent targets like centrioles and nascent inflammasomes. The 
resolution of the fluorescence microscopy on the final polished lamella was even sufficient to correlate 
with specific clusters of vesicles and their concentration, providing strong evidence that the vesicles 
contained NLRP3. By freezing cells at different time points, we were able to elucidate the entire 
inflammasome activation process. When comparing different kinds of experiments, however, timing may 
be different in cells grown on EM grids, glass slides, petri dishes, or other contexts. Collectively, these 
instrumental and methodological advances open new opportunities for directly visualizing molecular 
complexes in situ by cryo-ET. 
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Materials and Methods 
 
Constructs and cloning 
 
pLenti-CMV-Flag-mScarlet-NLRP3 was previously described (19). TGN38-mNeonGreen and 
mNeonGreen-ASC were cloned into the pHAGE-EF1⍺ vector between XbaI and NheI sites using Gibson 
Assembly Master Mix (NEB, Cat. No: M5510).  
 
Generation of stable cell lines 
 
To produce lentiviral particles, HEK293T cells (80% confluence) in 10 cm dishes were co-transfected with 
10 μg pLenti-CMV-Flag-mScarlet-NLRP3, 10 μg pHAGE-EF1⍺-TGN38-mNeonGreen, or 10 μg pHAGE-
EF1⍺-mNeonGreen-ASC, and packaging plamids 7.5 μg of psPAX2 and 3 μg pMD2.G (Addgene 
plasmids #12260 and #12259). 12 hours after transfection, the media were removed and replenished with 
8 mL of fresh medium. The supernatants containing lentiviral particles were harvested twice at 48 and 72 
hours after transfection, filtered through 0.45 μm filter (Pall Corporation, Cat. No: 4184), concentrated 
using Lenti-X™ Concentrator (Takara Bio, Cat. No: 631231) and stored at -80 °C until use. 
 
To infect THP-1 cells with lentiviruses, cells were cultured in media containing lentiviruses and 20 μg/mL 
DEAE-Dextran (Sigma-Aldrich, Cat. No: 93556). To increase the transduction efficiency, fluorescence-
activated cell sorting (FACS) was performed using a FACSAria II cell sorter from Becton Dickinson 
equipped with FacsDiva version 8.03. The instrument was set up with a 100 μm nozzle. The sorted 
populations were gated to exclude double, dead and autofluorescent cells. The cells were recovered for 
at least 7 days before performing subsequent experiments. 
 
Cell culture 
 
Human monocytic THP-1 cells were maintained in Roswell Park Memorial Institute (RPMI) 1640 Medium 
(Thermo Fisher Scientific, Cat. No: 11875085), supplemented with heat inactivated 10% FBS and 0.05 
mM 2-mercaptoethanol (Thermo Fisher Scientific, Cat. No: 31350010),10 mM HEPES (Thermo Fisher 
Scientific, Cat. No: 15630080), 1 mM Sodium Pyruvate (Thermo Fisher Scientific, Cat. No: 11360070), 
100 units/mL of penicillin and 100 μg/mL of streptomycin.  
 
The NLRP3 KO THP-1 cells were purchased from company (Invivogen, Cat. No: thp-konlrp3z). NLRP3 
KO THP-1 reconstituted with mScarlet-NLRP3 cells were generated via lentivirus infection and flow 
cytometry sorting as described above, which is used for Cryo-electron tomography throughout the 
manuscript. 
 
All cells were maintained at 37 °C with 5% CO2. For inflammasome activation studies, THP-1 cells were 
differentiated for 48 hours with 100 nM phorbol myristate acetate (PMA, Sigma-Aldrich, Cat. No: P8139–
5MG), followed by priming for 4 hours with 1 μg/mL lipopolysaccharides (LPS, Invivogen, Cat. No: tlrl-
b5lps) before stimulation with 20 μM nigericin (Sigma-Aldrich, Cat. No: N7143-10MG) for the indicate 
times. When needed, 10 μM microtubule polymerization inhibitor Colchicine (Sigma-Aldrich, Cat. No: 
C9754–100MG), or 20 μM HDAC6 inhibitor Tubacin (Sigma-Aldrich, Cat. No: SML0065-1MG) were used 
for 2 hours before nigericin treatment. 
 
Sample preparation for cryoET 
 
mScarlet-THP1 cells were maintained as described in previous section. Cells were differentiated for 24 
hours in tissue culture treated plate and seeded onto human fibronectin (25μg/mL in 1xPBS, Advanced 
Biomatrix, Cat. No: 5050) coated grids (R2/2, Au 200-mesh London Finder grid coated with extra thick 
carbon, Electron Microscopy Sciences) for another 24 hours to allow sufficient adherence. On the day of 
plunge freezing, cells on grids were primed with LPS (1 μg/mL) and stained by SiR-tubulin (1 μM, 
Cytoskeleton, Inc. Cat. No: CY-SC002) for 4 hours (88). Cells in the treatment group were further treated 
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with 20 μM nigericin for NLRP3 inflammasome activation for 10-20min or 30-45min. Untreated cells were 
stained by SiR-tubulin only for 4 hours. Grids were plunge-frozen in liquid ethane (Airgas) at different time 
points on a MarkIV vitrobot (Thermo Fisher Scientific) at 100% humidity with manual blotting. Each 
condition was frozen based on the following order:  after 4 hours for both untreated and LPS treated cells; 
4 hours plus 10-20min for LPS+Nig 10-20 min treated cells; 4 hours plus 30-45min for LPS+Nig >30 min 
treated cells. 
 
In-situ fluorescence guided cryoFIB-SEM milling 
 
Frozen grids were clipped into AutoGrids with 4 milling slots (Thermo Fisher Scientific) and loaded onto 
the Ariyscan laser scanning microscope (Zeiss LSM880) equipped with a cryogenic sample stage 
(Linkam, CMS196) for inspection of colocalized NLRP3 and MTOC puncta and ice quality. NLRP3 signal 
was detected by excitation at 555 nm. MTOC signal was detected by excitation at 625 nm. Grids were 
then transferred to an Aquilos2 Dual-Beam system (Thermo Fisher Scientific) with customized integrated 
fluorescent light microscope (ENZEL from Delmic) that is coincident with the FIB and SEM of the Aquilos2 
as described previously (29). Organo-platinum (Pt) deposition was applied to grids via the gas injection 
system (GIS) for 20-30 seconds. The NLRP3 inflammasome was identified as the colocalized NLRP3 and 
MTOC puncta observed on the ENZEL system equipped with a 100x long working distance vacuum 
objective (NA 0.85). Materials above and below the target of interests were ablated accordingly monitored 
by real-time fluorescence. The stepwise milling was performed as described in previous studies (89, 90). 
In brief, rough milling, thinning, and polishing were done at 0.1nA, 30pA, 10pA at 30kV. Final fluorescent 
images were taken when the thickness of the lamella was approximately 200nm with the following 
imaging parameters: NLRP3, ~0.96 W/cm2 of 550 ± 10 nm with 1.5-2 seconds exposure; MTOC, ~ 0.46 
W/cm2 of 625 ± 10 nm with 1-2 seconds exposure; Reflected brightfield, ~0.1 W/cm2 of 550 ± 10 nm with 
500 milliseconds exposure. 
 
Tilt series acquisition guided by correlated fluorescence microscopy 
 
Atlases and tilt series were acquired on a Titan Krios G2 (Thermo Fisher Scientific) at 300 keV equipped 
with a K3 Summit detector and BioQuantum post-column energy filter (Gatan) operated in counting and 
dose fractionation mode with 20 eV slit in. Atlases were collected as joint serial sections at 6,500x 
magnification under low dose mode in SerialEM software suite (91, 92). Tilt series were collected at a 
pixel size of 3.465 Å with a total dose of approximately 120-160 e-/Å2, ranging from -48˚ to 60˚ to account 
for a ~6˚ milling angle with 2-degree increment using SerialEM. This study included a total of 52 tilt series:  
11, 17, 20, 4 for untreated, LPS, LPS+Nig 10-20min, LPS+Nig >30min, respectively. 
 
Tomogram reconstruction and quantification of cellular features 
 
Unbinned image frames were preprocessed in WARP with patch motion correction, CTF estimation, and 
defocus estimation, which ultimately assembled to aligned tilt series with a binning factor of 2 (93, 94). 
Aligned tilt series were reconstructed manually in IMOD at a pixel size of 13.86 Å with 30 iterations of 
SIRT-like filter following CTF correction (95, 96). Tomogram reconstructions containing TGN were loaded 
in FIJI for measuring cisternae width. Tomogram reconstructions containing NLRP3 associated vesicles 
were loaded in IMOD (95, 96). The center of each vesicle was manually set and used the size function to 
measure the radius of each vesicle in pixel, which later was converted to vesicle diameter in nanometers. 
 
Tomogram segmentation and visualization 
 
Tomograms used for segmentation were imported to Dragonfly 2022.2 and subject to Gaussian filtering to 
enhance image contrast. Training data sets were prepared by manually segmented several slices 
containing microtubules, large membrane structure, Golgi stacks, small vesicles, ribosome, and 
mitochondria. The Neural Network Model was generated with a dimension of 2.5D and 3 slices. NLRP3 
condensate and PCM were segmented using the thresholding tool. Segmented features were exported 
independently and later processed in FIJI with Gaussian blurring (sigma=0.8) and imported to ChimeraX 
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(version 1.7.1) for visualization (97). Tomograms containing NLRP3 vesicles were manually segmented in 
IMOD for microtubules, NLRP3 associated vesicles, and intermediate filaments.  
 
Correlated fluorescence microscopy 
 
Registration of fluorescence and electron tomography data was performed utilizing a customized toolkit 
compatible with MATLAB version R2023b. Briefly, multi-channel fluorescent images obtained from the 
ENZEL system were firstly correlated to atlases collected at 6500x magnification using obvious features 
(e.g. lamellae edges, visible ice contamination, or grid holes) present in both brightfield optical 
microscopy and the electron microscopy. A total of 8-10 pairs of reference points were selected 
accordingly for precise correlation. These point pairs were used to calculate a projective transformation to 
carry the fluorescence data to this low magnification EM space. Secondly, a new set of points visible in 
the registered atlases and in a z-projection of the tomographic reconstruction were selected. These points 
largely included visible cellular features (e.g. large membrane structure, vesicles, mitochondria, or 
MTOC). A total of 10-13 pairs of reference points were manually selected for registration and the 
computation of a similarity transformation to carry the atlas space into the tomography space. Lastly, the 
projective and similar transformation were serially applied to the fluorescence images to bring the 
fluorescence images to the tomography space. For visualization, final correlated images containing SiR-
tubulin and NLRP3 channels were generated by overlaying fluorescent channels with actual tomogram 
reconstruction (z=12nm).  
 
Vesicle correlation analysis 
 
Correlated atlases and tomogram reconstructions were computed as described in previous section. 
Vesicle x and y coordinates were extracted from IMOD segmented models and later correlated with 
registered tomogram reconstructions. Number of vesicles within each registered fluorescent pixel was 
plotted and fitted to a simple linear regression.  
 
LDH cytotoxicity assay 
 
WT THP-1, NLRP3 KO THP-1 and NLRP3 KO THP-1 reconstituted with mScarlet-NLRP3 were seeded on a 
24 well plate. After differentiation, priming and NLRP3 activation, cell supernatants were analyzed for LDH 
activity using LDH-Glo™ Cytotoxicity Assay Kit (Promega, Cat. No: J2381) according to manufacturer’s 
guidelines. 
 
Immunofluorescence (IF) and live cell imaging 
 
To detect protein localization by immunofluorescence in fixed cells, cells were seeded on High Performance 
No.1.5 18 × 18 mm glass coverslips (Zeiss™ Cat. No: 474030-9000-000), and fixed with 4% PFA for 15 
min, followed by permeabilization with 0.5% Triton X-100 for 5 min. Then, cells were blocked with 1.5% BSA 
for 1 hour at room temperature. Primary antibodies (ASC 1:200, AdipoGen: AG25B0006C100; LC3B 1:20, 
Santa Cruz Biotechnology: sc-271625) were diluted in 1.5% BSA and incubated overnight with fixed cells at 4 
°C. After washing with 1 × DPBS 3 times, fluorescent secondary antibodies were 1: 1,000 diluted in 1.5% 
BSA and incubated for 1 hour at room temperature. Samples were mounted in VECTASHIELD antifade 
mounting medium (Vector Laboratories, Cat. No: H-1000-10) and sealed with Nail polish (Fisher Scientific, 
Cat. No: NC1849418). 
 
For visualization of mScarlet-NLRP3, TGN38-mNeonGreen and SiR-tubulin in live cells, cells were 
differentiated and grown in glass bottom dishes (MatTek corporation, Cat. No: P35G-1.5–14-C) for 48 hours. 
Then cells were first washed once with PBS and the medium was replaced by RPMI 1640 medium with 
no phenol red (Thermo Fisher Scientific, Cat. No: 11835030) supplemented with 10% FBS, and placed 
back in the incubator for at least 1 hour. 1 μM SiR-Tubulin was used for 1-2 hours to stain the microtubule 
network in live cells. Live cell images were obtained at 37 °C with 5% CO2 condition. 
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 15, 2024. ; https://doi.org/10.1101/2024.09.12.612739doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.12.612739
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

   11 

All images were collected with oil-immersion 60X (1.4 numerical aperture) lenses on a spinning disk confocal 
on an inverted Nikon Ti fluorescence microscope, which was equipped with Nikon Perfect Focus System and 
Yokogawa CSU-X1 Confocal Scanner, and operated with NIS-Elements image acquisition software.  
 
Fluorescence recovery after photobleaching (FRAP) microscopy 
 
mScarlet-NLRP3, or together with mNeonGreen-ASC reconstituted NLRP3 KO THP-1 cells were cultured 
on 35 mm glass-bottomed dishes (MatTek). FRAP microscopy for cytosolic or dTGN-localized NLRP3 
before activation and dispersed NLRP3 after 10 min nigericin treatment was performed on a Deltavision 
OMX Blaze 3D Structured Illumination Microscope (SIM), equipped with sCMOS Cameras, and six laser 
beams (405, 445, 488, 514, 568 and 642 nm; 100 mW). To obtain optimal images, immersion oil with 
refractive indices of 1.516 was used. FRAP microscopy for NLRP3 and ASC specks after 30 min nigericin 
treatment was performed on a Leica STELLARIS 8 FALCON FLIM Microscope equipped with a 60 × 1.4 
NA HC PL APO CS2 oil immersion objective and operated with the LASX acquisition software. The region 
of interest was photobleached and the recovery of fluorescence intensity within the region of interest was 
obtained for each experiment. Photobleaching and subsequent image acquisition were performed with 3 
prebleached images and a sequence of 120 post-bleach images at 1 second intervals. Intensity recovery 
curves were normalized against photofading outside the bleaching area, calculated as percentage of 
recovery (98, 99), and fitted with a one phase exponential association curve by GraphPad Prism. 
 
Quantification and statistical analysis 
 
The data used in this study were presented as mean ± standard deviation (SD) in triplicate experiments 
unless otherwise stated. Statistical analyses (two-tailed Student’s t-test, Mann-Whitney Test, linear 
regression and so on) were performed using existing software (GraphPad Prism 9 or 10). P < 0.05 was 
considered significant. Representative microscopy images were obtained from at least six independent 
cells. For the statistical significance and sample size of all graphs, please see figure legends. 
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Fig. 1 Progression of NLRP3 inflammasome activation. (A-D) Representative tomographic slices with increasing 
magnification showing the MTOC and formation of the NLRP3 inflammasome condensate ordered by chronological 
sequence with (a) cryoET atlas, (b) fluorescence correlated cryoET atlas overlaid with (a), (c) representative tomographic 
slices obtained from designated imaging area indicated as cyan dashed lines in (b). The MTOC and NLRP3 inflammasome 
are colored in yellow and magenta respectively based on fluorescence intensity profile. Two centrioles from the MTOC are 
indicated as yellow arrows. Number of incidents at each stage: No activation, N=12; LPS, N=10; LPS+Nig 10-20 min, N=10; 
LPS+Nig >30min, N=3. (scale bar = 200nm for all panels). 
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Fig. 2 NLRP3 inflammasome activation leads to formation of condensate at the MTOC. (A-E) Representative 
segmented models and tomographic slices illustrating NLRP3 inflammasome activation (MTOC, yellow; microtubules, green; 
NLRP3 associated vesicles, light pink; NLRP3 condensate, magenta; membrane, blue; mitochondria, orange, scale bar = 
100 nm). (F-J) Close-up view highlighting cellular features observed in tomographic slices in A-E with an illustrative view. 
Origins of insets are indicated in segmented models. 
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Fig. 3 NLRP3 inflammasome becomes an immobilized solid condensate. (A) Correlation analysis of number of NLRP3 
associated vesicles and number of microtubule nucleation sites within NLRP3 condensate. Each data point represents one 
cell. Cells treated with LPS+Nig 10 min are indicated as grey circles; cells treated with LPS+Nig > 30 min are marked as 
dark grey squares. (B-C) Tracking of NLRP3 mobility by fluorescence recovery after photobleaching (FRAP). Bleached 
areas indicated by white dashed circle (scale bar=5µm). 
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Fig. 4 NLRP3 inflammasome activation alters MTOC conformation. (A) Distance of centriole separation in response to 
NLRP3 inflammasome activation (one-way ANOVA, p<0.0001). (B) Quantification of the number of nucleation sites in 
presence of the complete MTOC. Each data point represents one cell (one-way ANOVA, p<0.0001). (C) Representative 
tomographic slices showing non-nucleating ends and MT nucleation sites at different conditions. The non-nucleating end is 
marked as two white arrows and the nucleation site is circled in yellow; PCM and NLRP3 condensate are indicated as white 
and magenta, respectively (scale bar=50nm). 
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Fig. 5 Nigericin stimulation disrupts Golgi integrity. (A) Overlaid segmented Golgi structures on tomographic slices 
(Golgi cisternae, blue; z=12nm, scale bar=100 nm). (B) Quantification of the cisternae spacing in response to LPS. Each 
bar graph represents 3 distance measurements for each Golgi structure. Face of the Golgi is assigned based on relative 
distance to the nucleus on lamellae where the Cis face is closer to the nucleus. All cells come from different passages and 
different grids (no activation, n=3; LPS, n=6; one-way ANOVA, p<0.0001).  (C) Live cell imaging of mScarlet-NLRP3, 
TGN38-mNeonGreen and SiR-tubulin before and after NLRP3 inflammasome activation (scale bar=5 µm).  
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Fig. 6 NLRP3-associated vesicles trafficking to the MTOC independent of retrograde transport. (A) Overlaid 
segmented model on tomographic slices showing naturally secreting vesicles in the cytosol (untreated) and NLRP3 
associated vesicles (LPS, LPS+Nig 10 min, LPS+Nig > 30 min) (naturally secreting vesicles, cyan; NLRP3-associated 
veislces, light pink; scale bar=100 nm). Close-up view of representative vesicles observed under each condition was 
indicated as white boxes and showed in insets (scale bar=50 nm). (B) Representative tomographic slices showing vesicles 
near the MTOC before and after NLRP3 inflammasome condensate formation (z=12nm). Vesicles are circled in light pink. 
(C) Quantification of vesicle diameters in response to NLRP3 inflammasome activation. Each violin plot represents one cell 
(one-way ANOVA, p<0.0001). (D) Quantification of vesicle numbers observed near the Golgi in response to NLRP3 
inflammasome (one-way ANOVA, p<0.0001). Each data point represents one cell. (E) Quantification of number of vesicles 
present at the MTOC at different conditions. Each data point represents one cell (one-way ANOVA, p<0.0001). 
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Fig. 7 NLRP3 inflammasome activation induces changes of mitochondria. (A) Representative atlases of the MTOC 
and mitochondria in proximity (scale bar=1 µm). Centrioles are marked in yellow and mitochondria are denoted as “M”. (B) 
Representative clustered area is denoted as dashed orange area. Quantification of number of mitochondria present within 
5 µm from the MTOC. Each data point represents one cell (one-way ANOVA, p<0.0001). (C) Quantification of the amount 
of mitochondria with close contact to autophagic membranes (one-way ANOVA, p<0.0001). Representative examples 
showing mitochondria with close contact to autophagic membranes are indicated as dashed orange area. 
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Fig. 8 Progression of NLRP3 inflammasome activation at the MTOC. Cartoon representations are annotated in the 
bottom left. The NLRP3-associated vesicles were modeled based on previous structures (PDB: 7FLH) (19). [Figure was 
created with BioRender (https://BioRender.com).] 
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Fig. S1. NLRP3 inflammasome activation leads to formation of a single punctum at the MTOC independent of 
retrograde transport in mScarlet-NLRP3 THP-1 cells. (A) A Schematic of the FLAG-mScarlet-NLRP3 construct. (B) 
Confocal imaging of ASC speck formation in THP-1 cells (WT, NLRP3 KO, and NLRP3 KO reconstituted with mSL-NLRP3) 
by IF. Cells were primed with1 μg/ml LPS for 4 hour and treated with 20 μM nigericin for 30 min. Green: ASC, Blue: nucleus 
(Scale bar=5 µm). (C-D) Western blotting (C) and LDH release assay (D) for NLRP3 activation in THP-1 cells (WT, NLRP3 
KO, and NLRP3 KO reconstituted with mSL-NLRP3). LPS-primed cells were treated with 10 μM microtubule polymerization 
inhibitor Colchicine (Colc) or 20 μM HDAC6 inhibitor Tubacin (Tubc) for 2 hours before stimulation with 20 μM nigericin for 
30 min. (E) Cryogenic fluorescent imaging of mSL-NLRP3 THP-1 cells before and after NLRP3 inflammasome activation. 
Cells were primed and activated following the same protocol in (A). NLRP3 inflammasome puncta are indicated as yellow 
arrows, and MTOC puncta in inactivated cells are indicated as white arrows. Grid bars are marked as asterisks (Scale 
bar=10 µm). 
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Fig. S2. Fluorescence guided cryo-FIB-SEM milling workflow for targeting the NLRP3 inflammasome. Fluorescent 
images of stepwise targeted milling. The representative example was treated with LPS+Nig 10min. The same example was 
also shown in Fig. 1 C and Fig. 2D, I. Centrioles are indicated as yellow arrows. Imaging frame size is marked in cyan. 
Scale bar=10 µm for all panels. 
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Fig. S3. NLRP3 inflammasome forms condensate with pericentriolar material (PCM) and subject for autophagy. (A) 
Representative tomographic slices showing NLRP3 condensate in chronological order (scale bar=100 nm). Cellular features 
are marked as following: MTOC, yellow; NLRP3 condensate, magenta; NLRP3-associated vesicles, light pink. (B) 
Representative examples of NLRP3 condensate (scale bar=50 nm). 
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Fig. S4. NLRP3-associated vesicles are trafficked to the MTOC in response to TGN dispersion via microtubule 
independent mechanism. (A) Representative examples of NLRP3-associated vesicles on TGN in primed cells and in the 
cytosol after addition of nigericin. Complete TGN cisternae are indicated as blue arrows and partial TGN structures or debris 
are indicated as dashed blue arrows. NLRP3-associated vesicles are circled or shaded in light pink (scale bar=100 nm). (B) 
NLRP3 associated vesicles are filled with protein densities compared to empty vesicles naturally present in cells (scale 
bar=50nm). Intensity profile of NLRP3-associated vesicles, blue line; empty vesicle, grey dashed line. (C) Diameter 
distribution of NLRP3-associated vesicles. We quantified 6 tomogram reconstructions collected after addition of nigericin 
for 10 min with a total of 578 vesicles. Each tomogram represents one cell obtained from different passage numbers during 
sample preparation. (D) Trafficking of NLRP3 associated vesicles is independent from retrograde transport. Cellular features 
are colored as following: NLRP3-associated vesicles, light pink; microtubules, green; intermediate filaments, purple (scale 
bar=100nm). 
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Fig. S5. Fluorescence correlation analysis on NLRP3-associated vesicles. (A) Workflow of computing correlation 
between mScarlet fluorescence intensity and NLRP3-associated vesicle density (scale bar=1 µm for atlas; scale bar=100 
nm for reconstructions). Fluorescence intensity has been normalized by exposure time and laser power. (B) Correlation 
analysis on NLRP3-associated vesicles observed in the cytosol and at the MTOC after 10 min-nigericin treatment.  
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Fig. S6. Mitochondria display a variety of morphology in response to NLRP3 inflammasome activation. (A) Gallery 
showing mitochondrial morphology before and after NLRP3 inflammasome activation. Mitochondria are circled in orange 
(scale bar=100 nm). (B) Representative examples of mitochondria observed within clusters after 10 min-nigericin treatment 
(scale bar=100 nm). 
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Fig. S7. NLRP3 inflammasome condensate forms close contact with autophagic membranes. (A) Representative 
atlas showing NLRP3 condensate, autophagic membranes, and mitochondria in proximity. Cellular features are marked as 
following: NLRP3 condensate; magenta, autophagic membranes, blue; mitochondria, orange (scale bar=1 µm). (B) Gallery 
of autophagic membranes present in close contact with NLRP3 condensate (scale bar=100 nm). (C) Immunofluorescent 
imaging of NLRP3, ASC and LC3B in fixed cells. NT: none-treated; LPS: 1 μg/ml for 4 hours; LPS+Nig: LPS plus 20 μM 
nigericin for 30 min.  Scale bar was shown. 
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