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Extracellular NLRP3 inflammasome
particles are internalized by human
coronary artery smooth muscle
cells and induce pro-atherogenic
effects
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Inflammation driven by intracellular activation of the NLRP3 inflammasome is involved in the
pathogenesis of a variety of diseases including vascular pathologies. Inflammasome specks are
released into the extracellular compartment from disrupting pyroptotic cells. The potential uptake
and function of extracellular NLRP3 inflammasomes in human coronary artery smooth muscle

cells (HCASMC) are unknown. Fluorescently labeled NLRP3 inflammasome particles were isolated
from a mutant NLRP3-YFP cell line and used to treat primary HCASMC for 4 and 24 h. Fluorescent

and expressional analyses showed that extracellular NLRP3-YFP particles are internalized into
HCASMC, where they remain active and stimulate intracellular caspase-1 (1.9-fold) and IL-1pB (1.5-
fold) activation without inducing pyroptotic cell death. Transcriptomic analysis revealed increased
expression level of pro-inflammatory adhesion molecules (ICAM1, CADM1), NLRP3 and genes involved
in cytoskleleton organization. The NLRP3-YFP particle-induced gene expression was not dependent
on NLRP3 and caspase-1 activation. Instead, the effects were partly abrogated by blocking NFkB
activation. Genes, upregulated by extracellular NLRP3 were validated in human carotid artery
atheromatous plaques. Extracellular NLRP3-YFP inflammasome particles promoted the secretion of
pro-atherogenic and inflammatory cytokines such as CCL2/MCP1, CXCL1 and IL-17E, and increased
HCASMC migration (1.8-fold) and extracellular matrix production, such as fibronectin (5.8-fold) which
was dependent on NFkB and NLRP3 activation. Extracellular NLRP3 inflammasome particles are
internalized into human coronary artery smooth muscle cells where they induce pro-inflammatory and
pro-atherogenic effects representing a novel mechanism of cell-cell communication and perpetuation
of inflammation in atherosclerosis. Therefore, extracellular NLRP3 inflammasomes may be useful

to improve the diagnosis of inflammatory diseases and the development of novel anti-inflammatory
therapeutic strategies.

Abbreviations

ASC Apoptosis-associated speck-like protein containing CARD
HCASMC Human coronary artery smooth muscle cells

HEK Human embryonic kidney

LDH Lactate dehydrogenase

LPS Lipopolysaccharide
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Nig Nigericin

NLRP3 NOD-, LRR-, and pyrin domain-containing protein 3
ICAM1 Intercellular adhesion molecule 1
CADM1 Cell adhesion molecule 1

NUP210 Nucleoporin

SPON1 Spondinl

MI Myocardial infarction

RT Room temperature

BSA Bovine serum albumin

PFA Paraformaldehyde

PDGF Platelet-derived growth factor
CCL2/MCP1  CC-chemokine ligand 2

CXCL1 Chemokine (C-X-C motif) ligand 1
MIF Migration inhibitory factor

TNFa Tumor necrosis factor a

IL-17E Interleukin 17 E

CM Culture medium

SFM Serum-free medium

Sterile inflammation drives the pathogenesis of various diseases and is controlled by intracellular multiprotein
inflammasome complexes, such as the nod-like receptor family pyrin domain-containing 3 (NLRP3) inflamma-
some that can be activated by danger-associated molecular patterns (DAMPs) and pathogen-associated molecu-
lar patterns (PAMPs)!2. Activated NLRP3 aggregates with the adaptor protein apoptosis-associated speck-like
protein (ASC) and pro-caspase-1 forming an NLRP3 inflammasome speck, that cleaves pro-interleukin-1f into
its mature form’. Caspase-1 also cleaves and activates the pore protein Gasdermin D that targets the plasma
membrane forming pores that allow the release of mature IL-1p as well as induce a specific type of cell death
called pyroptosis®. Pyroptotic cell death has been described in myeloid cells such as monocytes and macrophages
but also occurs in vascular endothelial cells where it triggers the adhesion of monocytes®. NLRP3 inflammasome-
mediated pyroptosis has been shown to be elevated in atherosclerotic plaques® where it correlates with plaque
instability and vascular inflammation, indicating that pyroptosis plays an important role in the progression of
atherosclerosis. Interestingly, pyroptosis also occurs in ischemic disease settings such as myocardial infarction
(MI)”~°. Inhibition of NLRP3 activation or pyroptosis by pharmacological or genetic interventions appears
cardioprotective in in-vitro and in-vivo studies®®!°"14. Of note, besides cytokines, pyroptotic cells release func-
tional NLRP3 inflammasome specks into the extracellular compartment where they remain active '>!°. Previ-
ous studies by our group and others have reported a crucial role of NLRP3 inflammasome activation and its
release during the development and progression of chronic diseases in non-cardiovascular settings such as
non-alcoholic steatohepatitis (NASH)!” and kidney injury®. We demonstrated that non-myeloid cells such as
hepatocytes undergo pyroptotic cell death and release NLRP3 inflammasomes into extracellular space where
they can be phagocytosed by neighboring hepatic stellate cells leading to their cell activation and promoting liver
fibrogenesis'’. As macrophages in the vessel wall and smooth muscle cells are in close proximity, extracellular
NLRP3 inflammasome particles released by pyroptotic macrophages'® may affect smooth muscle cell function.
The physiologic and potentially pathophysiologic roles of these extracellular NLRP3 inflammasome particles
in primary human coronary artery smooth muscle cells have not been studied and therefore represent a novel
research field of systemic cell-cell communication during inflammation.

Therefore, we hypothesized that human smooth muscle cells internalize extracellular NLRP3 inflamma-
some particles which may lead to increased pro-inflammatory signaling, cell migration and extracellular matrix
production.

Methods
The data that support the findings of this study are available from the corresponding author upon reasonable
request. Please see the resources table in the Supplementary Information.

Cell culture. Primary human coronary artery smooth muscle cells (HCASMC) were purchased from Lonza
and cultured in growth media containing SmBM Basal Medium (CC-3181, Lonza) and SmGM-2 SingleQuots
supplements (CC-4149) required for growth of smooth muscle cells. THP1 monocytic cell line (DSMZ, Cat.
No: ACC16) was cultured in RPMI 1640 medium supplemented with 10% (v/v) FCS, 100 U/ml penicillin and
100 mg/ml streptomycin.

NLRP3 mutant cell line and NLRP3- YFP inflammasome particle isolation. A stable mutant
NLRP3 (p.D303N)-YFP HEK cell line was used to isolate constitutively active YFP-labelled NLRP3 inflamma-
some oligomeric particles as previously described'>!°. As a control, WT HEK 293 cells were applied to the
same particle isolation protocol. Isolated mutant NLRP3-YFP inflammasome oligomeric particles were meas-
ured on a fluorometer and counted in a hemocytometer using a fluorescence microscope and used to stimulate
HCASMC for 4 h and 24 h.

Immunofluorescent analysis. Internalization of extracellular NLRP3-YFP inflammasome particles in
target cells was determined by immunofluorescent staining of YFP-tagged NLRP3 particles and cell organelle
staining. HCASMC were seeded on a black 96-well plate with clear flat bottom (Corning) (5x 10° cells/ well).
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After treatment with extracellular NLRP3-YFP inflammasome particles (3 NLRP3-YFP particles per seeded
cell; 3:1) for 4 h, cells were washed three times with PBS and fixed in 4% paraformaldehyde (PFA) for 15 min at
room temperature (RT) followed by permeabilization with PBS +0.25% Trion-X100 for 10 min at RT in the dark.
After washing, cells were blocked with 1% bovine serum albumin (BSA) in PBS for 30 min at RT protected from
light. Anti-YFP antibody (1:200, 2.5 pg/ml, Abcam) or IgG rabbit control (2.5 pg/ml, Dianova) were diluted in
DAKO Antibody diluent (DAKO) and incubated over night at 4 °C. Fluorescently-labeled anti-rabbit Alexa 647
secondary antibody (1:1000, ThermoFisher Scientific) was diluted in DAKO antibody diluent and incubated for
1 h at RT in the dark. After washing, cytoskeleton staining was performed by incubating the cells with 200 nM
working solution of Actin-stain Phalloidin 555 for 30-60 min at RT in the dark. Nuclei were stained with DAPI
or Hoechst 33,342 (1:200, 0.5% v/v) in PBS. Finally, cells were washed and covered with PBS for visualization on
a ZEISS Axiovert 200 M fluorescent microscope. Z-stacking (12 subsequently optical slices of 0.8 pm thickness)
were performed with AxioVision LE Rel 4.4 software. A minimum of five random selected fields were used. An
ImageStreamX Mk II Imaging Flow Cytometer was used as another method for internalization studies.

Confocal microscopy of internalized NLRP3-YFP particles. HCASMC were seeded at a density of
1x10* cells per cm? on 25-mm coverslips 24 h before the start of the experiment. HCASMC were treated with
extracellular NLRP3-YFP inflammasome particles for 4 h (3:1 particles/ cell). Coverslips were then washed with
HBS and incubated with Cell Mask Deep Red plasma membrane stain (Invitrogen, Carlsbad, California, United
States) for 10 min at 37 °C according to the manufacturer’s protocol. Coverslips were mounted and imaged using
a Leica DMI8/SP8 confocal laser scanning microscope (Leica Microsystems, Wetzlar, Germany). Pinhole adjust-
ment was set to 1 Airy unit. For YFP excitation a 488 nm and for CellMask Deep Red plasma membrane stain
a 638 nm Laser was used. Emission filters were adjusted accordingly. Images were analyzed using LasX (Leica
Microsystems, Wetzlar, Germany) and Image].

Cell stimulation.  All cells were kept at 5% CO, and 37 °C. HCASMCs were treated with isolated NLRP3-
YFP inflammasome particles (3:1 NLRP3-YFP particles/ cell) for 4 h (internalization, gene expression, migra-
tion, western blot) and 24 h (gene expression, extracellular matrix production). For mechanistic studies, NLRP3
inhibitor MCC950 (1 pM, Invivogen), caspase-1 inhibitor Ac-YVAD-cmk (25 pg/ml, Invivogen) and NFxB
inhibitor IKK-16 (2 uM, Selleckchem) were added to the media 30 min before treatment. Endocytosis inhibi-
tor Cytochalasin D (4 puM, Invitrogen) was added 30 min before treatment with NLRP3-YFP particles and was
washed off 3 times by washing with culture medium.

LDH cell death assay. Supernatant of extracellular NLRP3-YFP inflammasome particle-treated HCASMC
was collected and used for cytotoxicity analysis using the Pierce LDH Cytotoxicity Assay (Pierce, ThermoFisher
Scientific) according to the manufacturer s instructions. OD value of LDH positive control was set 100% and %
of LDH release in sample supernatant was calculated accordingly.

Gene expression. RNA was isolated using RNeasy Mini kit from Qiagen and reverse transcription was
performed with iScript (Biorad) Mastermix. Primer sequences and probes are listed in the Major Resources
Table in the Supplemental Material. QPCR analyses were performed with PowerUp SYBR Green Mastermix
(ThermoFisher) or TagMan Fast Advanced Master-Mix (Applied Biosystems). All samples were run in dupli-
cates and relative gene expression was converted using the 2-AACT method against the mean of two internal
control housekeeping genes RPLPO and Tata-box binding protein (TBP) or -2 Mikroglobulin (B2M) for human.
AACT = (CTexperiment gene — CT mean experiment housekeeping)—(CTcontrol gene — CT mean control
housekeeping). The relative gene expression in the control group was set at 1.

RNA sequencing. Briefly, total RNA was isolated from HCASMC (N =2) using the Qiagen miRNeasy Mini
Kit. All samples had > 100 ng of input RNA and were of excellent quality (RIN =10). Sequencing libraries were
created using the TruSeq Stranded Total RNA kit, utilizing random hexamer primer to enable the analysis of
coding and non-coding RNA species after removal of cytoplasmic rRNA. RNA sequencing was performed on
a NovaSeq 6000 using 2 x 150 bp end technology. The Bioconductor packages edgeR and limma were used to
normalize sequence count data and conduct differential gene expression analysis®*?'. Genes that were below
detection limit were set 0.1. Differentially expressed genes (DEGs) specific for NLRP3-YFP treated HCASMC
cells were subjected to validation using RT-PCR (N =3-6). Gene Set Enrichment Analysis?* were conducted with
the 200 most up-regulated genes (mean log2 fold>3.5) using EnrichR* and NCATS BioPlanet 2019 compre-
hensive integrated pathway analysis. We used NCBI's Gene Expression Omnibus (GEO) database® for searching
of relevant studies and then retrieved a specific dataset from Ayari et al.”® where 34 patients underwent carotid
endarterectomy to collect atheroma plaque (ATH) and the macroscopically intact tissue. Transcriptional profil-
ing was based on Affymetrix Human GeneChip Gene 1.0 ST microarray (Affymetrix, Santa Clara, CA, USA)®.
The re-analysis of this pre-existing microarray dataset limited our assay costs, the supply of biological material
and the efficacy of a replication-based strategy. DEGs found by RNA Seq of HCASMC treated with extracellular
NLRP3 inflammasome particles were validated and the gene expression compared between atheroma plaque
and adjacent macroscopically intact tissue from the same patient (N =34).

Immunoblot analysis. HCASMC were homogenized in RIPA buffer (Cell Signaling, USA) containing pro-
tease inhibitor cocktail HALT (ThermoFisher, USA). For immunoblot analysis 20-30 pg of protein lysate was
resolved on Any kD Mini-PROTEAN TGX Precast polyacrylamide gels (Biorad, Hercules, CA, USA), trans-
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«Figure 1. Extracellular NLRP3-YFP inflammasome particles are internalized by primary human coronary
artery smooth muscle cells (HCASMC) and induce caspase-1 and IL-1p activation. (A) Schematic overview
of study objective. Constitutively active mutant HEK NLRP3-YFP (p.D303N) cells were used for isolation of
cell-free NLRP3-YFP inflammasome particles that are used for treatment of HCASMC (scale bar: 10 um). (B)
Internalization of extracellular NLRP3-YFP inflammasomes in HCASMC after 4 h of incubation determined
by immunofluorescent staining (N =3) with an anti-YFP antibody or IgG isotype control and fluorescently-
labeled anti-rabbit Alexa 647 secondary antibody (scale bar: 50 um). Alexa Fluor 555 Phalloidin and DAPI were
used for F-Actin and nucleus staining, respectively. Z-stacks with xz and yz focal planes (white dashed lines)
showing internalized NLRP3-YFP inflammasome in HCASMC. (C) Internalization of extracellular NLRP3-
YFP inflammasomes (purified particles) (yellow). HCASMC were incubated for 4 h. Uptake was confirmed
via confocal microscopy. Plasma membrane staining (red) was carried out using Cell Mask Deep Red (scale
bar: 20 um). Micrographs depicting internalization and subcellular localisation of NLRP3-YFP inflammasome
particles are shown in overview and enhanced magnification (scale bar: 5 um). (D) For quantification, four
representative fields of view were analyzed. (E) Representative ImageStream analysis of HCASMC showing
internalized extracellular NLRP3-YFP inflammasome (scale bar: 10 um) by merging the brightfield image
(BE), YFP signal of the NLRP3-YFP inflammasome and the immunostained signal of the anti-YFP/ anti-rabbit
Alexa 647 antibody. (F-K) HCASMC were treated with extracellular NLRP3-YFP inflammasome particles
(3:1) for 4 h and 24 h with our without pre-incubation of Cytochalasin D (CytoD, 4 uM) for 30 min and total
protein lysate was used for immunoblotting. Immunoblot (N=4) of (F) NLRP3, pro-IL-1p and mature IL-1§
17 kDa, pro-caspase-1 and activated caspase-1 p20 (4 h) as well as endogenous NLRP3 and ASC after 24 h.
The corresponding densitometric analysis of (G) mature cleaved IL-1p and (H) activated caspase-1 p20 as
well as (I) IL-1P secretion (pg/ml) is shown (after 4 h). As positive control for endogenous inflammasome
activation and IL-1p secretion, cells were stimulated with LPS (1 pg/ml, 3 h) and Nigericin (10 uM, 90 min).
(J, K) Densitometric analysis of NLRP3 and ASC protein level after 24 h of stimulation with extracellular
NLRP3-YFP inflammasome particles (N =4). 3-Actin was used as housekeeping control. To exclude effects of
particle isolation, same protocol for inflammasome particle isolation was performed on WT HEK cells and
were used for treatment (WT con) of HCASMC. Data were normalized on -Actin and set at 1. (L) Membrane
disruption was measured by the release of lactate dehydrogenase (LDH) into supernatant of HCASMC treated
with NLRP3-YFP inflammasome particles (3:1 particles/cell) for 4 h. LDH values were normalized to positive
LDH control which was set 100%. Immunoblot (N =3) of (M) Gasdermin D (full-length 53 kDa) and its active
cleaved N-terminal fragment (30 kDa). B-Actin was used as housekeeping control. (N) Densitometric analysis
of the cleaved Gasdermin D fragment (30 kDa) was performed and normalized on untreated control which was
set at 1. HCASMC treated with LPS + Nig were used as positive control. Differences between the groups were
analysed by One-way ANOVA and uncorrected Fishers LSD post-hoc test (*p <0.05).

ferred to nitrocellulose membrane, blocked in 5% Blotting-grade blocker (Biorad) and incubated with appro-
priate primary antibodies. Anti-IL1p (1:1000, Abcam), anti-caspase-1 p20 Bally-1 (Adipogen), anti-NLRP3
NBP1 (1:1000, NBP1-77,080 Novus Biological), anti-ASC AL177 (1:1000, Adipogen), anti-Gasdermin D (L60)
(1:1000, Cell Signaling) and anti-p-Actin (1:10,000, Abgent) were incubated over-night. B-Actin was used for
normalization. Membranes were incubated with peroxidase-conjugated secondary antibody (DAKO, USA).
Protein bands were visualized with the enhanced chemiluminescence (Pico or Femto, Pierce ThermoFisher Sci-
entific, Waltham, MA USA) reagent and digitized using iBright FL1500 Imaging System (ThermoFisher, USA).
Densitometric analysis was performed on background subtracted blots using Image J.

Cell migration. Migration was analyzed in Boyden chambers (HCASMC: 8 pum pore size) using QCM
Chemotaxis Cell Migration Assay (Merck). Inserts were coated with sterile-filtered 10 pg/ml Typ 1 collagen
(Corning Collagen Typ I rat) and 0.2 x 10° cells were seeded on the insert in serum-starved media with 0.2% FCS
(SFM). The well was filled with serum-containing media (10% FCS). PDGF (10 ng/ml, Peprotech) was used as
positive control, Actinomycin D (5 pg/ml, Merck) as negative control. Extracellular NLRP3-YFP inflammasome
particles were added to the cells (3:1 particles/ cell) in the insert for 4 h at 37 °C. Then, migrated cells of the lower
side of the membrane were stained with cell stain crystal violet and remaining cells in the insert were removed
with a Q-tip. After washing, stained cells on the apical side of the porous membrane were lysed with extraction
buffer and the absorbance was measured at 560 nm in a 96 well plate.

Scratch assay. HCASMC (1.0x 10* cells/well) were seeded in 8 replicates onto 96-well IncuCyte ImageLock
tissue culture plates (Essen BioScience, #4379) and incubated for 72 h to form a cell monolayer, before being
treated with NLRP3-YFP inflammasome particles (3:1 particles/ cell) for 4 h. PDGF (10 ng/ml) and Actinomy-
cin (5 pg/ml) were incubated for 24 h as positive and negative controls. Wounds were made with the 96-well
WoundMaker (Essen BioScience, #4493). The plate was washed twice to remove any detached cells. Images of
the wounds were automatically acquired within the CO, incubator using the IncuCyte ZOOM software package
(Essen BioScience, #2016A). Typical kinetic updates were taken at 0 and after 24 h. Wound confluency [%] was
calculated using the IncuCyte ZOOM software. Cell count that migrated into the scratch were counted manually.

Extracellular matrix (ECM) production. To analyze cell-free ECM production in HCASMC, an estab-
lished protocol was used?®. Therefore, cells (5x 10* cells) were seeded on glass coverslips and cultured overnight
until treated with extracellular NLRP3-YFP inflammasome particles (3:1 particles/ cell) for 24 h. As positive
control, TGFpP1 (10 ng/ml) was stimulated for 48 h. To exclude potential contamination of ECM extracts with
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cell surface and intracellular proteins, cells were removed by incubating the wells with ammonium hydroxide
(20 mM) for 5 min followed by washing with de-ionized water. Afterwards, ECM was fixed with 2% PFA for
10 min at RT and blocked with 1% BSA/PBS. Antibody against fibronectin (1 ug/ml, Santa Cruz) or IgG mouse
isotype control was solved in DAKO antibody diluent (DAKO) and incubated overnight at 4 °C in the dark.
Anti-mouse Cy3 antibody (1:1000, Dianova) was diluted in DAKO antibody diluent and incubated for 1 h at RT.
To check for successful cell removal, wells were incubated with Hoechst 33,342 (0.5% v/v) in PBS and incubated
for 5 min at 37 °C. Cells treated without ammonium hydroxide were run in parallel as positive control. ECM
was analyzed on a Keyence BZ-X810 all-in-one fluorescence microscope. Four random selected fields were used
for Image] analysis. Percentage of positive stained area from images with same magnification was calculated.

IL-1B ELISA. Supernatant of HCASMC were used for the analysis of released IL-1p using the Human IL-1
beta/IL-1F2 Quantikine ELISA Kit (R&D, DLB50).

Human proteome profiler cytokine array. The Proteome Profiler Human Cytokine Array Kit (R&D)
is a membrane-based sandwich immunoassay and was used for the detection of 36 cytokines, chemokines, and
acute-phase proteins, simultaneously. Therefore, supernatant of NLRP3-YFP particle-treated HCASMC (4 h)
and untreated control in culture medium (N =3) was used according to manufacturers instructions. Captured
proteins were visualized using chemiluminescent detection reagents with short and long-time exposure. Profiles
of mean spot pixel density was created using Image] analysis software 1.53e after background subtraction. Only
membranes with the same exposure were used for comparisons.

Statistics. Statistical analyses were performed with Graph Pad Prism (version 7; Graph Pad Software Inc.,
La Jolla, CA, USA). The significance level was set at p <0.05 for all comparisons. Gaussian distributed data were
analyzed using one-way analysis of variance and Sidak post-hoc test or uncorrected Fishers LSD test. Nonpara-
metric gene expression data were log2-transformed and compared by ANOVA and appropriate post-hoc test.
Two groups were analyzed by Student’s T-test. Data are expressed as mean + standard error of mean (SEM).

Results
Extracellular NLRP3 inflammasome particles are internalized by human coronary artery smooth muscle cells
(HCASMC) and lead to increased caspase-1 and IL-1f activation without inducing pyroptotic dell death.

To determine whether extracellular NLRP3 inflammasome particles can be internalized by HCASMC, con-
stitutively active, recombinant fluorescently labeled NLRP3 inflammasome particles were isolated from mutant
NLRP3-YFP (p.D303N) cells (Fig. 1A)'>". After fixation and immunostaining of HCASMC, NLRP3-YFP inflam-
masome internalization was confirmed after 4 h of incubation. F-Actin and nucleus staining was used to identify
intracellular focal planes in a Z-stack analysis. NLRP3-YFP signal in the same focal planes with F-Actin and
DAPI were considered intracellular (Fig. 1B). As control, NLRP3-YFP inflammasome treated cells were incu-
bated with IgG isotype control and fluorescent secondary antibody. To validate internalization of NLRP3-YFP
inflammasome particles in HCASCM, confocal microscopy on live cells stimulated for 4 h with extracellular
NLRP3-YFP particles was performed. Plasma membrane was stained with Cell Mask Deep Red to prove intracel-
lular localisation (Fig. 1C). NLRP3-YFP positive cells were counted and normalized to total cell count per field
(N=4). We found that 20 + 16% of HCASMC ingested extracellular NLRP3-YFP inflammasome particles after
4 h (Fig. 1D). Using the ImageStream instrument as another method to prove internalization, we also detected
NLRP3-YFP signals in HCASMC after 4 h of incubation (Fig. 1E).

To determine whether internalized NLRP3-YFP inflammasome particles remain active in HCASMC, intra-
cellular activation of caspase-1 (p20), as well as IL-1p production and activation (cleaved 17 kDa form) were
quantitated in lysates of HCASMC after 4 h of treatment with extracellular NLRP3-YFP inflammasome particles
(Fig. 1F-H). Active IL-1p was increased 1.5-fold and caspase-1 1.9-fold compared to control while the pro-
form of caspase-1 and IL-1{ was not altered (Fig. 1G, H). Interestingly, the secretion of mature IL-p was not
altered after stimulation with extracellular NLRP3-YFP particles while the classcial inflammasome activation
with LPS + Nig increased IL-1p release from HCASMC even though to a small extent (Fig. 1I). To test whether
activation of caspase-1 and IL-1f was dependent on internalized extracellular NLRP3-YFP inflammasome par-
ticles, HCASMC were pre-treated with the endocytosis inhibitor Cytochalasin D for 30 min. Cytochalasin D
reduced the production of cleaved caspase-1 and IL-1f in HCASMC lysates (Fig. 1F-H). To exclude particle
isolation related effects, we also tested particles isolated from HEK WT cells (WT con) which showed no effect
on caspase-1 and IL-1p activation (Fig. 1IF-H). Endogenous level of NLRP3 protein was increased (1.9-fold)
after 24 h in HCASMC after treament with NLRP3-YFP particles while no changes were observed after 4 h
(Fig. 1E, J). ASC protein was only mildly increased but did not reach significance (Fig. 1E, K). Further, internal-
ized extracellular NLRP3-YFP particles did not induce cell death or cytotoxic effects (Fig. 1L) in HCASMC nor
activated Gasdermin D in HCASMC after 4 h of treatment (Fig. 1M, N) indicating that internalized NLRP3
inflammasome particles did not induce pyroptotic cell death. Similar effects were found when HCASMC were
treated with ASC-GFP specks from activated THP1 monocytes (Supplementary Figure S1). ASC-GFP specks
were internalized in HCASMC measured by confocal imaging and induced IL-1f cleavage intracellularly (Sup-
plementary Figure S1). To test whether the effect on IL-1p release of extracellular NLRP3-YFP particles is dif-
ferent between HCASMC and macrophages, which are classical phagocytic cells, human THP1-differentiated
macrophages were stimulated with extracellular NLRP3-YFP inflammasome particles and IL-1p secretion were
found to be increased in resting macrophages which was further amplified after LPS priming (Supplementary
Figure S2). This suggests that extracellular NLRP3 inflammasome particles play an important role in cell-cell
communication and perpetuation and amplification of inflammation.
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Figure 2. Extracellular NLRP3-YFP inflammasome particles regulate gene expression in HCASMC. (A) Heatmap of
genes upregulated in HCASMC treated with extracellular NLRP3-YFP inflammasome particles (N =2) for 24 h. (B)
List of the ten most upregulated genes. (C) Validation of four listed genes (NLRP3, ICAM1, CADM1, SPON1) using
qPCR after 4 and 24 h treatment with extracellular NLRP3-YFP particles. Data were normalized on the mean of two
housekeeping genes (RPLP0 and TBP) and were log2-transformed for equal distribution. Untreated cells (control)
were set at 1. (D) Gene enrichment analysis of the 200 most upregulated genes (mean log2 fold > 3.5 vs. control)

was performed using EnrichR and NCATS BioPlanet 2019 comprehensive integrated pathway analysis. Pathways
with p <0.05 are shown. mRNA expression of (E) adhesion molecule ICAM1 and (F) NLRP3 in HCASMC (N=9)
treated with extracellular NLRP3-YFP inflammasomes (3:1 particles/ cell) for 24 h with or without pre-incubation

of caspase-1 inhibitor (Ac-YVAD-cmk, 25 pg/ml), NLRP3 inhibitor (MCC950, 1 uM) and NFkB inhibitor (IKK-16,
2 uM). Data are expressed as mean + SEM and were normalized on the mean of two housekeeping genes (RPLPO

and TBP) and referenced to untreated control which was set at 1. Differences between the groups were calculated
using One-way ANOVA and uncorrected Fisher s LSD post-hoc test (*p <0.05). (G) Selected genes (NLRP3, ICAM1,
CADM1, NUP210) were re-analysed using a pre-existing microarray dataset and the gene expression was compared
between atheroma plaque and adjacent macroscopically intact tissue from the same patient (N=34). Data are
expressed as mean + SEM and differences between the groups were calculated using unpaired, two-tailed Student’s
T-Test (**p <0.001, ***p <0.0001).
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Extracellular NLRP3 inflammasome particles regulate gene expression in HCASMC that are
associated with plaque formation. The gene expression in HCASMC after treatment with extracellular
NLRP3 inflammasome particles was determined using RNA transcriptomic analysis. 1247 genes were differen-
tially expressed in extracellular NLRP3 inflammasome treated cells compared to untreated control (>2.5-fold
induction). Regulated genes were selected by expression level and regulation (Fig. 2A). The ten most upregulated
genes are listed in Fig. 2B. A subset of four genes were selected for validation in qPCR analysis including ICAM1
(**p<0.01), CADMI (*p<0.05), NLRP3 (*p<0.05) and SPONI (**p<0.01) (Fig. 2C) and were analyzed after 4
and 24 h. To gain a better sense of biological functions represented by the differentially expressed genes, we per-
formed a gene enrichment analysis of the 200 most upregulated genes and selected the pathways with an enrich-
ment combined score 30 and a p-value <0.05 (Fig. 2D). The analysis identified ten annotations with enrichment
scores > 30. Most of the up-regulated pathways were associated with leukocyte adhesion and VEGF signaling as
well as cytoskeleton organization and signaling involved in acute inflammatory response and IL-1P processing
(Fig. 2D). To investigate whether the upregulation of selected genes after internalization of extracellular NLRP3
inflammasome particles in HCASMC was dependent on increased NLRP3 and caspase-1 activation or induc-
tion of NFkB activation, HCASMC were co-stimulated with the caspase-1 inhibitor Ac-YVAD-cmk, the NLRP3
inhibitor MCC950 or the NF«B inhibitor IKK-16. While the upregulation of the adhesion molecule ICAMI in
HCASMC treated with extracellular NLRP3-YFP inflammasome particles were attenuated when cells were co-
stimulated with the NF«B inhibitor IKK-16, NLRP3 gene expression was not affected by NF«B inhibition. Fur-
ther, inhibition of NLRP3 and caspase-1 activity did not prevent from upregulation of ICAM1 and NLRP3 gene
expression after 4 (data not shown) and 24 h (Fig. 2E, F). This indicates that the effect of extracellular NLRP3
inflammasome particles on NLRP3 and ICAM1 in HCASMC is not dependent on NLRP3 and caspase-1 activa-
tion but partly through activation of NF«B signaling.

Datasets from patients with atherosclerotic plaques and healthy vessels (N =34)* showed increased expression
levels of ICAM1, CADM1, NLRP3 and NUP210 in human atherosclerotic plaques compared to intact controls
(Fig. 2G). This suggests that extracellular inflammasomes in atherosclerotic plaques may induce gene expression
changes that are relevant for plaque formation and progression.

)25

Extracellular NLRP3 inflammasome particles stimulate the secretion of pro-atherogenic
cytokines and promote smooth muscle cell migration which is dependent on NFkB and NLRP3
inflammasome activation. To determine whether cytokines or chemokines, other than IL-1B, might be
upregulated after treatment with extracellular NLRP3-YFP inflammasome particles, supernatant of NLRP3-YFP
treated cells were applied to the human proteome cytokine profiler array kit which enables the detection of 36
cytokines, chemokines and acute-phase proteins, simultaneously. Interestingly, we identified several cytokines
and chemokines to be upregulated, such as CCL2/MCP1 (2.6-fold, p<0.05), CXCL1 (1.5-fold, p<0.05), MIF
(2.0-fold, p=0.1), TNFa (1.5-fold, p=0.1), IL-17E (1.9-fold, p <0.05), IL-6 (1.7-fold, p=0.2) and IL-16 (1.4-fold,
p=0.3) (Fig. 3A, B). All of them are associated with pro-inflammatory and pro-atherogenic signaling pathways.
As some of them are also potent drivers of cell migration, we investigted whether extracellular NLRP3-YFP
inflammasome particles promote cell migration and asked whether this is dependent on NFkB and NLRP3
inflammasome activation. Cell migration is a crucial step during atherosclerosis initiation and progression?’.
The migratory capacity was either tested in a scratch assay using the Incucyte System or in a Boyden chamber
with a membrane of defined pores (8 pm). For the scratch assay, HCASMC were incubated with extracellular
NLRP3-YFP inflammasome particles for 4 h and then washed off and were grown for further 24 h. Phase-con-
trast images were automatically taken by the Incucyte system from every well at 0 and after 24 h (Fig. 3C). Cell
count [N] (Fig. 3D) and wound confluency [%] (Fig. 3E) of the scratch after 24 h were significantly increased
when HCASMC were pre-treated with extracellular NLRP3-YFP inflammasomes. For the analysis in a Boyden
chamber, HCASMC were treated with extracellular NLRP3-YFP inflammasome particles (3:1, particles/cell) and
transmigration of cells was analyzed after 4 h (Fig. 3F). HCASMC showed a 1.8-fold increased transmigratory
capacity after 4 h of stimulation with extracellular NLRP3-YFP inflammasome particles compared to untreated
control cells which were abrogated when cells were co-incubated with inhibitors against NFkB and NLRP3 acti-
vation (Fig. 3F). Blocking caspase-1 activity by AC-YVAD-cmk showed a trend toward reduced cell migration
but did not reached significance. These data suggest that both, NFkB and NLRP3 activation, affect migratory
capacity of smooth muscle cells and is induced by treatment with extracellular NLRP3-YFP inflammasome par-
ticles promoting atherogenesis and plaque formation.

Treatment of HCASMC with extracellular NLRP3 inflammasome particles promote cell-free
extracellular matrix (ECM) production. Smooth muscle cells produce ECM that positively correlates
with lesion progression?”. Whereas most of the ECM within a healthy artery contains type I and type III fibril-
lar collagen, atherosclerotic lesions exhibit high levels of proteoglycans composed of type I collagen fibrils and
fibronectin®. To study whether extracellular NLRP3 inflammasomes affect ECM production, HCASMC were
treated with extracellular NLRP3-YFP inflammasome particles for 24 h (3:1 particles/ cell) and cell-free derived
ECM fibronectin was determined as described previously®®. As positive control, cells were stimulated with
TGEFP1 for 48 h. After treatment, HCASMC were incubated with ammonium hydroxide to remove cells and
exclude potential contamination of ECM extracts with cell surface and intracellular proteins. Cell removal was
confirmed by negative Hoechst (nucleus) staining (Fig. 4A). Treatment of HCASMC with extracellular NLRP3-
YFP inflammasome particles promoted production of ECM fibronectin by 5.8-fold (Fig. 4B). When co-stimu-
lated with inhibitors against NFkB, NLRP3 and caspase-1 activation the production of extracellular fibronectin
was abrogated (Fig. 4A, B). Inhibition of endocytosis via cytochalasin D also reduced the NLRP3-YFP mediated
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Figure 3. Extracellular NLRP3-YFP inflammasome particles promote release of pro-atherogenic cytokines and cell migration in
HCASMC. (A, B) Supernatant of HCASMC (N =3) after 4 h treatment with extracellular NLRP3-YFP inflammasomes (3:1 particles/
cell) were used for the human proteome profiler cytokine array. Modified cytokines/chemokines were surrounded with a red square
and labelled (1-7). Membranes were applied for short and long-time exposure. (B) Densitometric analysis of the labelled cytokines
(1-7) after background subtraction was performed. Data were normalized on supernatant from control cells which was set at 1.

(C) Scratch assay of HCASMC treated with NLRP3-YFP inflammasome particles (3:1 particles/ cell) for 4 h. PDGF (10 ng/ml) and
Actinomycin (5 ug/ml) were stimulated for 24 h. Representative images of wounds at the beginning (0 h) and after 24 h are shown.
Wounds were automatically acquired within the CO, incubator using the IncuCyte ZOOM software package. (D) Cell count [N] at

0 h and after 24 h within the scratch and (E) wound confluency [%] was calculated using the IncuCyte ZOOM software. Data are
expressed as mean + SEM and differences between the groups were calculated using unpaired, two-tailed Student s T-Test (*p <0.05).
(F) Smooth muscle cell migration was studied in a Boyden chamber by adding NLRP3-YFP inflammasome particles (3:1 particles/
cell) to HCASMC for 4 h and analyzing the migrated cells on the lower side of the insert membrane which was stained with crystal
violet and measured at 560 nm in a fluorometer (N =4-6). Differences between the groups were analysed by One-way ANOVA and
uncorrected Fishers LSD post-hoc test (*p <0.05).
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Figure 4. Extracellular NLRP3-YFP inflammasome particles induce extracellular matrix (ECM) production in
HCASMC that can be reduced by different inhibitors. (A) Immunofluorescent staining of cell-free ECM protein
fibronectin (red) produced by HCASMC after treatment with extracellular NLRP3-YFP inflammasomes (3:1
particles/ cell) for 24 h (N =5). ECM production was reduced when cells were co-stimulated with inhibitors
such as IKK-16 (2 uM), Ac-YVAD-cmk (25 pg/ml), MCC950 (1 uM) for 24 h or pre-incubation with CytoD
(2.5 pg/ml) for 30 min. Antibody against fibronectin (1 pg/ml, Santa Cruz) or IgG mouse isotype control as well
as anti-rabbit anti-mouse Cy3 antibody (1:1000, Dianova) were used (scale bar: 50 um). Ammonium hydroxide
(NH,OH) was used to remove cells and only stain extracellular fibronectin. Negative Hoechst (nucleus) staining
showed successful removal of cells. TGFP1 (48 h) was used as positive control. (B) Five random selected fields
were used for Image] analysis and the positive stained area (% of area) from images with same magnification
was calculated. Data were normalized on the untreated control which was set at 1. Data are expressed as

mean + SEM and differences between the groups were compared using One-way ANOVA and Sidak s post-hoc
test (*p<0.05).

fibronectin production. However, we cannot exclude whether cytochalasin D itself affected ECM production as
it affects actin microfilaments.

Discussion

Emerging evidence indicates that inflammasome specks are released from pyroptotic cells and that pyroptotic
cell death is increased in in-vivo models of cardiovascular diseases''®*. While the intracellular NLRP3 inflam-
masome activation is well characterized, the extracellular function of NLRP3 inflammasomes is less studied and
data on their physiological and pathophysiological function on human vascular cells are missing'®*!. Previous
studies demonstrated an important role of smooth muscle cells in the development and progression of athero-
sclerotic lesion formation®2. Our study demonstrates that extracellular NLRP3 inflammasome specks are ingested
by human coronary artery smooth muscle cells and induce pro-inflammatory and pro-atherogenic effects partly

15,16,29
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by activation of NFkB and upregulation of endogenous NLRP3 expression in recipient cells without inducing
cell death. The internalization was confirmed by confocal microscopy of the fluorescent NLRP3 inflammasome
particles in HCASMC and by ImageStream analysis and by blocking its internalization with cytochalasin D, an
endocytosis inhibitor. The uptake of extracellular NLRP3-YEP particles could have been detected in around 20%
of HCASMC. The internalized extracellular NLRP3 inflammasome particles promote intracellular caspase-1 and
IL-1p activation in primary HCASMC which indicates that internalized inflammasome specks remain enzymati-
cally active and further perpetuate and amplify inflammatory signaling in recipient cells. IL-1p production was
abrogated when endocytosis in HCASMC was blocked. Interestingly, IL-1p activation was only increased intracel-
lularly while no IL-1p secretion could have been detected in supernatant. This was associated with a lack of Gas-
dermin D activation and LDH release, parameters of pyroptotic cell death. One explanation for this could be that
the internalized NLRP3-YFP inflammasome particles only prime the cells by upregulation of NFxB and NLRP3
without inducing substantial pyroptotic cell death or the amount of cleaved Gasdermin D, secreted IL-1f and
LDH of NLRP3-YFP positive cells (20%) were too little to detect changes in whole cell supernatants and lysates.

Transcriptomic analysis revealed that inflammatory surface adhesion molecules such as ICAMI and CADM1
but also NLRP3 were upregulated in HCASMC after treatment with NLRP3 inflammasome particles. Gene
enrichment analyses showed that most of the upregulated pathways are related to leukocyte adhesion, acute
inflammatory response and IL-1p signaling as well as cytoskeleton organization?’. These are all processes that
play important roles during atherogenesis®.

Adhesion and chemoattractive molecules are responsible for the interaction of monocytes with cells of the
vascular wall and promote their diapedesis into the intima where they differentiate into macrophages. During ath-
erosclerotic plaque formation, SMCs and macrophages are in direct contact through adhesion molecules such as
ICAML], vascular cell adhesion molecule-1 (VCAM1), and fractalkine (CX3CL1)*-%¢. Our findings demonstrate
that extracellular NLRP3 inflammasome particles induce expression of adhesion molecules in smooth muscle
cells and also promote the secretion of (C-C motif) ligand 2 (CCL2) and (C-X-C motif) ligand 1 (CXCL1), known
to be potent mediators of inflammation, migration and the cellular crosstalk between SMC and monocytes and
macrophages®. During vascular injury, SMCs in the intima media undergo transformation from a quiescent/
contractile phenotype to an active/synthetic phenotype characterized by increased cell migration and secretion
of a variety of chemokines such as chemokine CCL2 and CXCL1 which leads to recruitment of monocytes®*.
To further study whether the increased mRNA expression of NLRP3 and adhesion molecule ICAM1 after treat-
ment with extracellular NLRP3 inflammasome particles were dependent on intracellular NLRP3 and caspase-1
activation or NFkB signaling, HCASMC were co-stimulated with the caspase-1 inhibitor Ac-YVAD-cmk, the
NLRP3 inhibitor MCC950 and IKK-16. Interestingly, NLRP3 and caspase-1 inhibition did not reduce inflam-
matory gene expression. Instead, we found that blockade of NF«B signaling by IKK-16 abrogated the effect of
extracellular NLRP3 inflammasome particle-induced upregulation of ICAM1I gene expression but not NLRP3
speculating that extracellular NLRP3 inflammasome particles might be sensored as danger signals in recipient
cells. However, we cannot exclude that also other transcription factors than NFkB are involved in this NLRP3-
YFP-mediated regulation of gene expression. This indicates that NLRP3 and caspase-1 activity is not responsible
for changes in gene expression after NLRP3-YFP inflammasome treatment. This is in line with previous findings
where MCC950 inhibits canonical and non-canonical NLRP3 inflammasome activation but does not reduce gene
expression level of inflammasome genes*.

Furthermore, our results showed that HCASMC treated with extracellular NLRP3-YFP particles released
pro-inflammatory and pro-atherogenic factors other than IL-1f, such as CCL2/MCP1, CXCL1, MIF, IL-17E,
TNFa and to a lesser extent IL-6 and IL-16. IL-17E has been described to induce migration and invasion in can-
cer cells*! but also to enhance innate immune response*?. MIF is secreted in response to diverse inflammatory
stimuli, and has been associated with a clear pro-inflammatory and pro-atherogenic role in multiple studies of
patients and animal models*.

The NLRP3-YFP induced upregulation of these cytokines and chemokines was associated with increased
cell migration, a key mechanism during plaque formation. During atherogenesis, SMC migrate from the media
into the intima of the vessel wall where they possess unique atherogenic properties?”*2. Our results showed that
extracellular NLRP3 inflammasome particles promoted HCASMC migration which was dependent on NF«xB
and NLRP3 inflammasome activation. We assume that the interaction of increased NFkB-mediated gene expres-
sion and release of pro-migratory and pro-inflammatory cytokines such as CCL2, CXCLI, IL-17E and others
are involved in this process.

Smooth muscle cells are the major cell type that produces extracellular matrix, which accumulates over the
course of lesion progression. During lesion formation, SMC synthesize higher amounts of proteoglycans such
as collagen type 1 and fibronectin, but also proteases and cytokines*:. Proteoglycans in the vessel wall are able to
entrap additional LDL cholesterol leading to further foam cell formation and fueling the vicious cycle?’*% Our
data demonstrate that extracellular NLRP3 inflammasomes stimulate the production of ECM, such as fibronectin,
in HCASMC. This could have been prevented by inhibition of NFkB, NLRP3 and caspase-1 activation suggest-
ing that the production of ECM depends on NF«kB-mediated ECM production and the intracellular activation
of the NLRP3 inflammasome. However, it is also possible that the effects on ECM production are mediated via
the increased secretion of pro-atherogenic cytokines and chemokines induced by NLRP3-YFP inflammasome
treatment. Nevertheless, our data support the hypothesis that extracellular NLRP3 inflammasome specks are
able to promote smooth muscle cell migration and ECM production contributing to atherogenesis.

In summary, our results show that NLRP3 inflammasome particles, either present in the circulation or in
local inflamed tissue, represent a novel danger signal with pro-inflammatory and pro-atherogenic properties that
is a novel mechanism of cell-cell communication to maintain the inflammatory vicious cycle. This mechanism
may be physiologic during the acute inflammatory response, but under chronic disease conditions, such as in
atherosclerosis or after MI, this process fuels inflammation and tissue remodeling. These findings contribute to
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a better understanding of inflammation in a variety of human diseases by suggesting a novel mechanism of the
perpetuation of chronic inflammation. Further elucidation of this concept may lead to improvements in risk

stratification and potential anti-inflammatory therapeutic strategies to treat atherothrombosis
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