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ARTICLE INFO ABSTRACT

Keywords: NLRP3 inflammasome plays a key role in Western diet-induced systemic inflammation and was recently shown
NLRP3 inflammasome to mediate long-lasting trained immunity in myeloid cells. Saturated fatty acids (SFAs) are sterile triggers able to
Obesity induce the assembly of the NLRP3 inflammasome in macrophages, leading to IL-1(3 secretion while unsaturated
Free fatty acids ones (UFAs) prevent SFAs-mediated NLRP3 activation. Unlike previous studies using LPS-primed bone marrow
;};OSphOhP id derived macrophages, we do not see any ROS or IRE-1a involvement in SFAs-mediated NLRP3 activation in
K-ATPase human monocytes-derived macrophages. Rather we show that SFAs need to enter the cells and to be activated

K* efflux into acyl-CoA to lead to NLRP3 activation in human macrophages. However, their -oxidation is dispensable.
Instead, they are channeled towards phospholipids but redirected towards lipid droplets containing triacylgly-
cerol in the presence of UFAs. Lipidomic analyses and Laurdan fluorescence experiments demonstrate that SFAs
induce a dramatic saturation of phosphatidylcholine (PC) correlated with a loss of membrane fluidity, both
events inhibited by UFAs. The silencing of CCTa, the key enzyme in PC synthesis, prevents SFA-mediated NLRP3
activation, demonstrating the essential role of the de novo PC synthesis. This SFA-induced membrane remodeling
promotes a disruption of the plasma membrane Na, K-ATPase, instigating a K™ efflux essential and sufficient for
NLRP3 activation. This work opens novel therapeutic avenues to interfere with Western diet-associated diseases
such as those targeting the glycerolipid pathway.

Abbreviations: ACS, acylCoA synthetase; ACSLs, long-chain fatty acyl CoA synthetases; AMPK, AMP-activated protein kinase; ASC, apoptosis-associated speck-like
protein; ATF4, activating transcription factor 4; ATMs, adipose tissue macrophages; BMDCs, bone-marrow-derived dendritic cells; BMDMs, bone-marrow-derived
macrophages; BSA, Bovine Serum Albumin; C16:0, palmitate; C18:0, stearate; C18:1, oleate; C18:2, linoleate; CCTa, CTP-phosphocholine-cytidyl transferase alpha;
CPT, carnitine palmitoyltransferase; DAG, diacylglycerol; DAMPs, danger associated molecular patterns; DGAT1, diacylglycerol O-acyltransferase 1; ER, endoplasmic
reticulum; FFAR1-4, free fatty acid receptor 1-4; FFAs, free fatty acids; GP, Generalized Polarization; HFD, high fat diet; HPRT1, Hypoxanthine
Phosphoribosyltransferase 1; IRE1q, inositol-requiring enzyme 1-alpha; Ld, liquid disordered; LD, lipid droplets; Lo, liquid ordered; LPS, Lipopolysaccharide; LRR,
leucine-rich repeat; MDMs, monocytes-derived macrophages; mROS, mitochondrial reactive oxygen species; NEK7, NIMA Related Kinase 7; NF-kB, Nuclear Factor-
kB; NLR, nucleotide-binding oligomerization domain (NOD)-, leucine-rich repeat (LRR); NLRP3, nucleotide-binding domain, leucine-rich-containing family, pyrin
domain-containing-3; NOD, nucleotide-binding oligomerization domain; PAMPs, pathogen associated molecular patterns; PBMCs, peripheral blood mononuclear
cells; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PERK, PKR-like ER kinase; PI, phosphatidylinositol; PMA, phorbol 12-myristate 13-acetate; PS,
phosphatidylserine; SEM, Standard Error of the Mean; SERCA, sarco/endoplasmic reticulum Ca®* ATPase; SFAs, saturated fatty acids; So, solid ordered; T2D, type 2
diabetes; TAG, triacylglycerol; TC, Triacsin C; TLC, thin layer chromatography; TLR, Toll-like Receptor; TNFa, tumor necrosis factor-alpha; UFAs, unsaturated fatty
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1. Introduction

Obesity has become a major health burden in developed countries.
It promotes insulin resistance and is strongly associated with metabolic
defects such as hyperglycemia, dyslipidemia and hypertension, which
together are termed “metabolic syndrome” [1]. These disorders con-
tribute to higher rates of morbidity and mortality due to the increased
risk of developing type 2 diabetes (T2D), non-alcoholic fatty liver dis-
ease, cardiovascular diseases and cancer [2]. Moreover, a chronic low-
grade inflammation has been observed in abdominal obesity that plays
a role in the pathogenesis of obesity-related metabolic disorders [3].
This systemic inflammation results mainly from an excessive accumu-
lation of pro-inflammatory macrophages in adipose tissue [3]. A current
theory supports that weight gain and adipocytes hypertrophy induce
chemokines-promoted recruitment of circulating monocytes [3]. These
monocytes differentiate into macrophages secreting pro-inflammatory
cytokines such as TNFa, IL-6 and IL-1p.

IL-1P has been shown to be a key contributor to the pathogenesis of
T2D mainly by interfering with insulin signaling [4] and playing a
critical role in the pathological deterioration of pancreatic 3-cell func-
tion [5]. IL-1p production is tightly controlled and depends on two
signals. First, a pro-inflammatory priming signal stimulates the tran-
scription of IL13 gene through NF-xB (Nuclear Factor-kB)-dependent
pathway leading to the synthesis of the Pro-IL-1f3. Secondly, the Pro-IL-
1P cleavage in its biologically active form is mainly mediated by a large
cytosolic multiprotein platform termed “inflammasome” [6,7]. In-
flammasomes are usually formed through the interaction between a
member of the NLR family (nucleotide-binding oligomerization domain
(NOD)-, leucine-rich repeat (LRR)-containing proteins), an adaptor
protein ASC (apoptosis-associated speck-like protein containing a Cas-
pase recruitment domain) and the Pro-caspase-1. Their assembly is
triggered in response to pathogen- and danger-associated molecular
patterns (PAMPs and DAMPs) [6,7]. Proximity-induced pro-caspase 1
autoprocessing results in the formation of active caspase-1, which, in
turn, can cleave the Pro-IL-1f and lead to the release of IL-1f.

The NLRP3 (nucleotide-binding domain, leucine-rich-containing
family, pyrin domain-containing-3) inflammasome is characterized by
the sensing of a large array of DAMPs such as extracellular ATP, pore-
forming toxins and various crystalline and particulate matter (Alum,
cholesterol, monosodium urate, silica, asbestos) [8]. More recently,
NLRP3 was also shown to respond to metabolic danger signals that
accumulate during obesity like glucose, ceramide and free fatty acids
(FFAs) [9,10]. Thanks to the Nlrp3’/ ~ high fat diet (HFD) mouse
model, NLRP3 inflammasome has been shown to instigate obesity-in-
duced inflammation and insulin resistance (IR) [11,12]. Our group also
highlighted the role of NLRP3 inflammasome in obesity-linked meta-
bolic syndrome by demonstrating caspase-1 activation in visceral adi-
pose tissue macrophages (ATMs) in metabolically unhealthy compared
to metabolically healthy obese patients [13].

Due to the very large range of divergent NLRP3 triggers, it is un-
likely that NLRP3 directly recognizes its agonists. It is usually accepted
that NLRP3 rather senses cell homeostasis disruption. Several me-
chanisms have been proposed to account for NLRP3 activation in-
cluding K* efflux, lysosomal destabilization induced by various crys-
tals, reactive oxygen species (ROS) production, mitochondria
dysfunction and Ca?* homeostasis disruption [8,14]. However, K*
efflux seems to be a common denominator to many NLRP3 activators
even if its origin can vary according to the NLRP3 trigger [15-17]. More
recently, NLRP3 aggregation on the dispersed trans-Golgi network
(dTGN) through phosphatidylinositol-4-phosphate (PtdIns4P) binding
has been shown as a common cellular signal essential for the in-
flammasome activation by diverse stimuli [18]. K™ efflux helps the
NLRP3 recruitment to dTGN via ionic bonding between negatively
charged PtdIns4P on dTGN membranes and the positively charged
polybasic region of NLRP3 [18]. K* efflux is also needed for NLRP3
interaction with NEK7 (NIMA Related Kinase 7), a Ser/Thr kinase
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specifically required for NLRP3 activation [17,19].

The important contribution of the NLRP3 inflammasome in the
pathogenesis of obesity-linked IR and T2D prompted several groups to
study the mechanisms underlying FFA-mediated NLRP3 inflammasome
activation [11,12]. Previous studies have demonstrated the inhibition
of AMP-activated protein kinase (AMPK) by palmitate (C16:0) in LPS-
primed bone-marrow-derived macrophages (BMDMs), followed by the
defective autophagy and the accumulation of mitochondrial reactive
oxygen species (mROS) resulting probably from an impairment of mi-
tophagy [12]. More recently, palmitate and stearate (C18:0) have been
proposed to mediate NLRP3 inflammasome activation in LPS-primed
BMDCs (bone-marrow-derived dendritic cells) or BMDMs through the
activation of IREla (inositol-requiring enzyme 1-alpha), one of the
three ER stress sensors [20]. According to these authors, saturated fatty
acids (SFAs)-induced IREla activation does not depend on the sensing
of unfolded proteins but does occur in response to the accumulation of
saturated phosphatidylcholine (PC) [20]. Our group demonstrated the
activation of NLRP3 inflammasome by SFAs and its inhibition by the co-
treatment with unsaturated fatty acids (UFAs) in human monocytes-
derived macrophages (MDMs) and PMA (phorbol 12-myristate 13-
acetate)-differentiated THP-1 cells [21]. Since neither ROS, nor IREla
seem to be required for SFAs-mediated NLRP3 activation in any of both
human macrophages models, we further explored underlying mechan-
isms. In the present study, we demonstrate that SFAs-mediated NLRP3
inflammasome activation involves a K* efflux resulting from Na*, K-
ATPase disruption due to the accumulation of saturated PC and loss of
plasma membrane fluidity. All these events are reversed by co-treat-
ment with UFAs.

2. Material and methods
2.1. Preparation of FFA solutions

Following products were obtained from Sigma-Aldrich: low en-
dotoxin BSA, palmitic acid, stearic acid, oleic acid and linoleic acid
(#A8806, #P0500, #S4751, #01008, #L1376, respectively). The FFA
solutions were prepared and stored as previously described [21].

2.2. Cell culture and treatment

THP-1 cell line (ATCC, authentified by DSMZ, Germany, 2011) was
cultured at 37 °C under 5% CO, atmosphere and below 1.0 x 10° cells/
ml in RPMI 1640 with glutamine and 10% heat-inactivated FBS, 100 U/
ml penicillin and 100 U/ml streptomycin (Lonza). THP-1 cells were
differentiated with 100 ng/ml of PMA (Sigma) for 24 h, rinsed with PBS
and maintained overnight in renewed medium before treatments. After
informed consent, healthy donors allowed us to obtain buffy coats (Red
Cross, Belgium). Density gradient centrifugation with Ficoll-Paque
PLUS (GE Healthcare) was performed from buffy coats to obtain human
peripheral blood mononuclear cells (PBMCs). CD14 MicroBeads
(Miltenyi Biotec) were used to isolate primary monocytes from PBMCs
according to the manufacturer's instructions. Trials were permitted by
the ethical committee of the University of Liege. The isolated mono-
cytes were differentiated in RPMI 1640 with 20% FBS and 100 ng/ml of
human M-CSF premium grade (Miltenyi Biotec) for seven days to obtain
monocyte-derived macrophages (MDMs). After differentiation, cells
were treated with following compounds as indicated in figure captions:
FFAs, Triascin C (Santa Cruz, # sc-200574), STF-083010 (Med Chem
Express # HY-15845), trans-ISRIB (Cayman chemicals, # 16258),
ouabain octahydrate (Sigma, # 03125), nigericin (Enzo life science, #
BML-CA421), antimycin A from Streptomyces sp. (Sigma, # A8674),
etomoxir (Sigma, # E1905), Alum (Thermo Fisher Scientific, #77161),
H,0, (Sigma, # H1009), 4u8C (Axon Medchem, # Axon 1902) and
MitoTEMPO (Enzo life science, # ALX-430-150).
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2.3. Measurement of cellular and mitochondrial ROS

In PMA-differentiated THP-1 cells, cellular and mitochondrial ROS
production was detected with H2DCFDA (Invitrogen™, # C6827) and
MitoSOX (Invitrogen™, # M36008), respectively. For measurement of
cellular ROS, cells were pre-incubated with H2DCFDA (5 uM, 30 min)
and treated as indicated in figure legends. For measurement of mi-
tochondrial ROS, cells were treated as indicated in figure legends fol-
lowed by 30min of incubation with MitoSOX. Fluorescence corre-
sponding to cellular and mitochondrial ROS production was measured
through EnSpire 2300 Multilabel Reader according to the manufac-
turer's recommendations. In MDMs, mitochondrial ROS were detected
with MitoSOX (5uM). Cells were pre-incubated with MitoSOX (5 pM,
30min) at 37 °C before being washed in warm culture medium and
treated as indicated in figure legends. At the end of incubation period,
cells were subjected to flow cytometric analysis (BD Canto II) using the
Phycoerythrin (PE) channel.

2.4. Radiolabeled stearate flux into lipids

PMA-differentiated THP-1 cells were cultured in 6 well plates and
treated with 200 uM of stearic acid and 2 uCi/ml of radiolabeled [1-
14C] stearic acid in the presence or absence of 200 uM of oleate for 8 h.
After washing of the cells with ice-cold PBS, total lipids were extracted
with chloroform/methanol (2:1), followed by 10 min vortexing and
centrifugation at 1000 X g for 10 min. Supernatants containing total
lipids were evaporated overnight. Dried lipids were resuspended in
chloroform/methanol (2:1) and analyzed by thin-layer chromatography
(TLC) on TLC Silica gel 60 F254 plates (Merck), using the solvent
system petroleum ether (b.p. 40-60 °C)/diethylether/formic acid
(70:30:1.5). Typhoon 9400TM (Amersham Biosciences) was used to
scan storage phosphor screens that have been exposed to the radio-
active TLC for 4 h. The resulting digital image allows for quantitation
using ImageQuant™ TL v7.0 (GE Healthcare). Lipid fractions were also
visualized by anisaldehyde staining. Raw Colza extract and cholesterol
were used as the lipid reference substances for lipid species identifi-
cation.

2.5. Stearate uptake

PMA-differentiated THP-1 cells were cultured in 6 well plates and
treated with 200 uM of stearic acid and 0.1 pCi/ml of radiolabeled [1-
14C] stearic acid in the presence or absence of 200 uM of oleate. After
treatments, cells were extensively rinsed with cold PBS and lysed with
50mM NaOH before radioactivity counting with liquid scintillation
analyzer (Packard, Tri-carb 1600TR).

2.6. Lipidomic analysis

Lipidomic analyses were performed as described previously [22].
Briefly, lipids were extracted from 700 pL of homogenized cells with
800 pL. CH30H:HCI 8:1 (v/v) and 900 uL. CHCl;. The antioxidant 2,6-di-
tert-butyl-4-methylphenol was added to the extract at a concentration
of 200 pug/ml (BHT; Sigma Aldrich). The organic phase was evaporated
at room temperature using a Savant Speedvac (Thermo Fisher Scien-
tific) and the resulting lipid pellet was stored under argon at —20 °C.
Prior to analysis, lipid pellets were dissolved in running solution
(NH40H:CHCl3:CH30H; 1.25:10:90; v/v/v). Lipid standards PS25:0,
PS31:1, PS37:4, PI25:0, P143:6, PE25:0, PE43:6, PC25:0, PC43:6, were
purchased from Avanti Polar Lipids and were added to the sample in
ratio to the DNA concentration of the original homogenized sample.
The phospholipids were analyzed by electrospray ionization tandem
mass spectrometry (ESI-MS/MS) on 4000 QTRAP system (AB SCIEX)
using a robotic nanosource for sample injection (TriVersa NanoMate:
Advion Biosciences). Phospholipid profiling was performed by pre-
cursor ion or neutral loss scanning at a collision energy of —60eV,

1019

BBA - Molecular and Cell Biology of Lipids 1864 (2019) 1017-1030

—35eV, 35eV, 50eV/45 eV, for precursor 241 (phosphatidylinositol,
PI), neutral loss 87 (phosphatidylserine, PS), neutral loss 141 (phos-
phatidylethanolamine, PE) and precursor 184 (phosphatidylcholine,
PC) respectively. Quantification was done with multiple reaction
monitoring with a signal averaging period of 3 min. Measurements were
corrected for hydrogen, nitrogen, carbon and oxygen isotope effects
using the algorithm described by [22]. Only species with a signal in-
tensity above 5 times the blank were reported. Each lipid species is
represented as a % of the total lipid content of a specific class.

2.7. Subcellular fractionation

5 x 10° cells were transferred into 250 pl of fractionation buffer
(20 mM HEPES pH 7.4, 10 mM KCl, 2mM MgCl,, 1 mM EDTA, 1 mM
EGTA, 1mM DTT and complete protease inhibitor cocktail (Roche
Applied Science)) by scraping and left on ice 15 min. Cell suspension
was passed through a 25 gauge needle until cells were lysed and left on
ice 20 min. Samples were centrifuged at 720 xg for 5min. Nuclear
pellet was discarded and the cytoplasm, membrane and mitochondria
containing supernatant was centrifuged at 8000 xg for 5min.
Mitochondria containing pellet was discarded and the cytoplasm and
membrane containing supernatant was ultracentrifuged at 100,000 x g
for 1 h. Cytoplasm containing supernatant was stored at —20 °C before
protein dosage and immunoblotting. Membrane containing pellet was
washed by adding 200 pl of fractionation buffer and passed through a
25 gauge needle several times before being ultracentrifuged at
100,000 x g for 45 min. The membrane pellet was resuspended in 50 pl
of TBS with 0.1% SDS and sonicated for 5min before protein dosage
and immunoblotting. All centrifugations were done at 4 °C and samples
were kept on ice throughout the procedure.

2.8. Immunoblot analysis

Total extracts were prepared by scraping the cells in total lysis
buffer (160 ul/2 x 10° cells) [87.5mM Tris-HCI pH 7.5, 75 mM NaCl,
0.5mM EDTA, 0.5% Igepal, 0.125% sodium deoxycholate, 2% SDS,
10% glycerol, 3% [-mercaptoethanol, 0.002% bromophenol blue,
0.5 mM PMSF, and complete protease inhibitor cocktail (Roche Applied
Science)]. Samples were stored at —20 °C after passing them several
times through a 25-gauge needle. Culture supernatants were stored at
—80°C after a centrifugation to eliminate cells debris. Total lysates
(30 ul) or supernatants (18 pl) were subjected to SDS-PAGE. After mi-
gration, proteins were transferred to a PVDF membrane. Primary an-
tibodies used are the following ones: anti-IL-1beta propeptide (R&D
Systems, #MAB6964), anti-IL-1 beta (R&D Systems, #AF-201-NA),
anti-HSP90 (Santa Cruz, #sc-7947), anti-atubulin (Sigma, #T6199),
anti-Na, K-ATPase al subunit (Abcam, #ab76020), anti-CCTa (Cell
signaling, #6931S) and anti-ATF4 (Cell signaling, #11815). HRP con-
jugated secondary antibodies are anti-rabbit (Dako, #P0217), anti-goat
(Dako, #P0160), and anti-mouse (Dako, #P0447). ECL or ECL plus
Western blotting substrate (Pierce) and the digital imaging system
ImageQuant LAS 4000 (GE Healthcare) were used to detect HRP en-
zyme activity.

2.9. siRNAs transfection

THP-1 cells (0.25 x 10°) were plated in a 24-well plate and differ-
entiated with 100 ng/ml of PMA (Sigma) for 24 h, rinsed with PBS and
maintained overnight in renewed medium. Transfection complexes
were prepared in RPMI1640 by adding 3 ul of HiPerFect transfection
reagent (Qiagen), and 400 nM of short interfering RNAs (siRNAs) in a
final volume of 100 ul and were added to PMA-differentiated THP-1
cells. After 6 h, 600 pl of supplemented medium were added. 72 h after
transfection, PMA-differentiated THP-1 cells were rinsed with PBS and
stimulated as described in the figure legends. The siRNAs were from
IDT: siPCYT1A #1-Fw: 5-GUCAGCUUUAUCAACGAGAAGAAAT-3’;
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siPCYT1A#1-Rv:  5-AUUUCUUCUCGU UGAUAAAGCUGACAU-3’,
siPCYT1A#2-Fw: 5’-GCUCUCUGUUGAAUUCCAAAUUG TG-3%;
siPCYT1A#2-Rv: 5-CACAAUUUGGAAUUCAACAGAGAGCUU-3’. Non-
targeting or scrambled siRNAs (IDT) were used as negative control.

2.10. Propargylcholine incorporation assay

De novo synthesis of PC was quantified using Propargylcholine and
click-chemistry reaction. Propargylcholine is metabolized similarly to
choline and incorporated into neo-synthetized PC. Then click chemistry
reaction between the alkyne group of Propargylcholine with an azide
derivative of Alexa Fluor 488 allows quantitative measurement of neo-
synthetized PC. Propargylcholine (Jena Bioscience, #CLK-066, 200 uM)
was added simultaneously with FFAs during 8 h. Then click-chemistry
reaction was immediately performed on fixed cells (4% formaldehyde)
with Alexa Fluor 488 Azide (Invitrogen, #A10266) using Click-iT Cell
Reaction Buffer Kit (Invitrogen, #C10269) according to the manufac-
turer's instructions. Fluorescence was quantified with FilterMax F5
plate reader (Molecular Device).

2.11. ELISA

IL-1 beta Human Uncoated ELISA Kit (Thermo Scientific) was used
to measure secreted IL-1f in supernatants according to the manufac-
turer's recommendations.

2.12. Laurdan two-photon microscopy

After the treatments, cells were washed three times with PBS and
incubated with 2,5uM Laurdan in a 5% CO, incubator for 1h in the
dark. Afterwards, two-photon excitation microscopy (Zeiss LSM 510
microscope) was performed at room temperature and Laurdan intensity
images were obtained using a Plan-Neofluar 40 X /1.3 Oil DIC objective
under excitation at 780 nm with a Mai Tai Ti: Sapphire laser (Spectra-
Physics). Internal photon multiplier tubes collected 8-bit, unsigned
images at a scan speed of 1.6 us/pixel. Two Laurdan intensity images
were recorded simultaneously with emission in the range of
390-465 nm and 500-550 nm. The measure of membrane fluidity was
obtained by using Generalized Polarization (GP) value, defined as:
GP = (1440 — 1510) / (1440 + 1510) where 1440 and 1510 are the
emission intensities captured with the 390-465nm and 500-550 nm
filters, respectively. The GP formula was applied to each pixel using the
two Laurdan intensity images and GP images were pseudo-colored in
ImageJ. The colors indicate different GP values following the reported
scale.

2.13. Ouabain-sensitive *°Rb* uptake

After treatment, the cells were incubated in medium containing
8Rb* (PerkinElmer, #NEZ072001MC, 5uCi/ml) in the presence or
absence of ouabain (100 uM). After 30 min, the cells were washed with
PBS and lysed in 0.5%Triton X-100 containing buffer for liquid scin-
tillation counting (Packard, Tri-carb 2100TR). Ouabain-sensitive 86Rb*
uptake was calculated as the difference between the total *°Rb* uptake
and %Rb™ uptake in presence of ouabain. Aliquots corresponding to
different amounts of S°Rb* (pmol) were counted to construct a cali-
bration curve for quantifying *Rb™ uptake (pmol) into cells.

2.14. qRT-PCR

Total RNAs were extracted with TriPure Isolation Reagent (Roche)
according to the manufacturer's protocol. Extracted RNA was quantified
with Nanodrop 1000 spectrophotometer (Thermo scientific) and 500 ng
of RNA were reverse-transcribed to acquire cDNA (RevertAid H Minus
First Strand cDNA Synthesis Kit, Thermo Scientific). Three independent
experiments were quantified in triplicate by qRT-PCR performed on a
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LightCycler 480 (Roche Applied Science). The 2-delta delta C method
was used to calculate relative gene expression with HPRT1 as house-
keeping gene [23]. Used primers: HPRT1-Fw: 5-TGACACTGGCAAAA
CAATGCA-3; HPRT1-Rv: 5-GCTTGCGACCTTGACCATCT-3’, Xbpls-
Fw: 5-CTGAGTCCGCAGCAGGTG-3’; Xbpls-Rv: 5-ACTGGGTCCAAGT
TGTCC AG-3".

2.15. Lipid droplet staining

After treatment, cells were fixed (4% paraformaldehyde, 20 min,
37 °C) and permeabilized (0.1% saponin) before staining nucleic acid
with Hoechst 33258 (Thermo Fisher Scientific, #AC229891000) and
lipid droplet with LipidTOX (Invitrogen™, #H34477) according to the
manufacturer's recommendations. Images were acquired using a Leica
SP5 confocal microscope (Leica Microsystems) using LAS-AF software.
The microscope is equipped with 405 nm, Multi-Argon laser, 561 nm
and 633 nm laser lines, three Photomultiplier tubes and one HyD de-
tector. Images were scanned using 63 x /1.3 glycerol objective lense
(magnification/numerical aperture).

2.16. Statistical analyses

GraphPad Prism 6 for Mac OS X (GraphPad Software, Inc.) was used
for statistical analyses. Analyses are described in figure captions and
presented as means + SEM. Significance is indicated by a symbol.

2.17. Heat map

Heat maps were drawn with Morpheus, a web-based tool for matrix
visualization and analysis. A global color scale was applied with white
set to zero. Morpheus is available on: https://software.broadinstitute.
org/morpheus/.

3. Results

3.1. Neither ROS nor IRE-1a are involved in SFAs-mediated NLRP3
inflammasome activation in human macrophages

We previously demonstrated an activation of the NLRP3 in-
flammasome in response to SFAs in human MDMs and PMA-differ-
entiated THP-1 cells [21]. This well-known human macrophages model
expressing high levels of Pro-IL-1f and NLRP3 is very suited to study
the second signal leading to NLRP3 inflammasome assembly [21]. In
this model, the production of high IL-1f3 levels is observed after 8 h
treatment with SFAs (stearate, palmitate, 200 uM) but not with UFAs
(oleate (C18:1), linoleate (C18:2), 200 uM) (Fig. 1A) [21]. MDMs ex-
press low levels of the Pro-IL-1B and NLRP3 but SFA treatment
(200 uM, 16 h) induces a slight NF-xB-dependent IL1f3 gene expression
in addition to trigger NLRP3 inflammasome assembly leading to the
secretion of low levels of IL-13 (Fig. 1B) [21]. In both kinds of human
macrophages, stearate (200 uM) is more efficient than palmitate at the
same concentration to induce NLRP3 activation (Fig. 1A-B).

Since ROS were initially involved in SFAs-mediated NLRP3 in-
flammasome assembly in LPS-primed BMDMs [12], we proceeded to
ROS measurements in FFA-treated human macrophages. However, we
did not detect any ROS neither in the mitochondria nor in the cytosol of
PMA-differentiated THP-1 cells after treatment with SFAs (200 uM) or
UFAs (200 uM) for different times when compared with vehicle alone
(BSA, Bovine Serum Albumin), while mitochondrial and cytosolic ROS
were measured after treatment with antimycin A and H202, respec-
tively (Fig. 1C). In accordance with these observations, mitochondrial
ROS were measured in antimycin A-stimulated MDMs but not in SFAs-
treated MDMs (Fig. 1D).

More recently, Robblee et al. proposed a role of the UPR/IRE-1a
branch in SFAs-mediated NLRP3 activation [20]. As expected, stearate
induced the activation of the two UPR branches involving either IRE1
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Fig. 1. ROS are not produced in human macrophages after FFAs treatments. (A) PMA-differentiated THP-1 cells were treated with BSA or FFAs (200 pM) for 8 h. IL-
13 was measured in supernatants by ELISA (top). Results are presented as means = SEM of four independent experiments. Pro-IL-1f3 and HSP90 levels in cytosol
were determined by immunoblotting (bottom). A representative blot from minimal three independent experiments is shown. (B) MDMs were treated with BSA or
FFAs (200 uM) for 16 h and IL-1 was measured in supernatants by ELISA. Results are presented as means *+ SEM of three independent experiments. (C) PMA-
differentiated THP-1 cells were treated with BSA, FFAs (200 uM) or antimycin A (50 uM) for the indicated times followed by 30 min of incubation with MitoSOX
(5uM) (top) or incubated with H2DCFDA (5uM) for 30 min followed by BSA, FFAs (200 uM) or H,O, treatment (1 mM) (bottom). Results are presented as
means + SEM of three independent experiments. (D) MDMs were pre-incubated with MitoSOX (5 uM, 30 min) and treated with BSA, FFAs (200 uM, 6 h) or anti-
mycin A (50 uM, 30 min). A representative experiment is presented as fluorescence (% of Max) for the indicated treatments. Data were also quantified as fold change
of median fluorescence intensity (MFI) compared with baseline and results are presented as means + SEM of three independent experiments for FFAs. UC, unstained
control. **P < 0.01; ****P < 0.0001 by one-way ANOVA followed by Dunnett's post-hoc test.

(Inositol-requiring enzyme 1-alpha) or PERK (PKR-like ER kinase), as by acylCoA synthetase (ACS) to be used in metabolic pathways like -
demonstrated by the accumulation of Xbpls (spliced X-Box Binding oxidation in mitochondria or lipid synthesis in ER [24].

Protein 1) mRNA (Fig. 2A, B) and ATF4 (activating transcription factor In order to test whether SFAs need to be internalized into the cells
4) protein (Fig. 2G, H), respectively, in both PMA-differentiated THP-1 and activated into acyl-CoA to induce the NLRP3 inflammasome as-
cells and MDMs. The inhibition of the IRE1a endoribonuclease activity sembly, we used Triacsin C (TC), a competitive inhibitor of ACSLs
by 4u8C or STF-083010 prevented the XbpI mRNA splicing as shown by (long-chain fatty acyl CoA synthetases). While TC had no effect on IL-13

the complete or partial loss of Xbpls mRNA in both macrophages secretion in response to Alum, TC inhibited the release of IL-1p in re-
models (Fig. 2A, B). However, none of these inhibitors significantly sponse to palmitate and stearate without affecting the Pro-IL-1f levels
affected the stearate-mediated IL-1( secretion, which rules out the in cellular extracts (Fig. 3A). To shuttle into the mitochondria and enter
contribution of the IREla pathway (Fig. 2C, D). ISRIB, a drug known to the B-oxidation cycle, the acyl-CoA has to be converted into acylcar-
reverse the effects of eIF2a phosphorylation, efficiently prevented the nitine via carnitine palmitoyltransferase (CPT) 1 [10]. The inhibition of
accumulation of the ATF4 protein (Fig. 2G, H) but did not significantly this enzyme with etomoxir did not prevent SFAs-mediated IL-1( se-
down-regulate the stearate-mediated NLRP3 inflammasome activation cretion (Fig. 3B, C). Quite the opposite, preventing the palmitate mi-
in any kind of human macrophages (Fig. 2E, F). Altogether, these re- tochondrial flux by increasing etomoxir concentrations further stimu-
sults demonstrate that neither ROS nor ER stress play a key role in the lated palmitate-mediated NLRP3 inflammasome activation in a dose-
triggering of NLRP3 inflammasome assembly in response to SFA in dependent way (Fig. 3C).
human macrophages. Since oleate has been proposed to protect skeletal muscle cells from
palmitate-induced apoptosis by promoting palmitate B-oxidation [25],
3.2. While SFAs activation into acyl-CoA is required for NLRP3 we wondered whether oleate could counteract SFA-mediated NLRP3
inflammasome activation, the B oxidation is dispensable for both the SFA- inflammasome activation by the same way. Oleate co-treatment pre-
and UFA-mediated effects vented stearate-induced IL-1(3 secretion but etomoxir had no effect on
oleate-mediated inhibition (Fig. 3B). Altogether, these results demon-
To elucidate the mechanism by which FFAs modulate NLRP3 in- strate that B-oxidation does not play any role neither in the SFA-de-
flammasome assembly, we further investigated the fate of SFAs when pendent NLRP3 inflammasome activation nor in its inhibition by oleate.
added alone or in combination with UFAs in the extracellular medium Accordingly, we turned to the lipid synthesis, the second metabolic
of human macrophages. Inside cells, FFA can be activated into acyl-CoA pathway involving fatty acyl-CoA.
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Fig. 2. IREla endoribonuclease activity is not required for C18:0-mediated NLRP3 inflammasome activation in human macrophages. Effects of IREla inhibitors
(4u8C and STF-083010) on spliced Xbpl mRNA expression (A, B) or IL-1f3 secretion (C, D) after C18:0 treatment. Effects of phosphorylated elF2a inhibitor (ISRIB) on
IL-1 secretion (E, F) and ATF4 expression (G, H) in response to C18:0. PMA-differentiated THP-1 cells or MDMs were pre-treated for 1 h with vehicle (DMSO) or with
4u8C (50 uM), STF-083010 (STF, 100 uM) or ISRIB (10 nM) before addition of BSA (vehicle) or C18:0 (200 uM) for 8 h (THP-1 + PMA) or 16 h (MDMs). IL-1f was
measured in supernatants by ELISA and relative spliced Xbpl mRNA expression was assessed by qRT-PCR. HSP90 and ATF-4 were detected by immunoblotting in

PMA-differentiated THP-1 cells and MDMs extracts. Results are presented as means

+

SEM of three (THP-1 + PMA) and four (MDMs) independent experiments.

*P < 0.05; **P < 0.01; ***P < 0.001; ns, non-significant by two-way ANOVA followed by Bonferroni's post-hoc test.

3.3. Stearate is mainly incorporated in polar lipids but is redirected towards
triacylglycerol in the presence of oleate

We followed the stearate flux by using radiolabeled stearate. The
uptake of '“C-labeled stearate by PMA-differentiated THP-1 cells line-
arly increased with time at least until 12h and was only slightly af-
fected by the presence of oleate, suggesting that the UFAs inhibiting
effect on SFA-mediated NLRP3 inflammasome activation cannot be
explained by a competition between SFAs and UFAs for cell inter-
nalization (Fig. 4A).

To assess the stearate flux into lipids, we treated PMA-differentiated
THP-1 cells with stearate (200 uM) plus trace amounts of 14C-labeled
stearate for 8 h. Total lipids were extracted and labeled diacylglycerol
(DAG), triacylglycerol (TAG), cholesterol esters and polar lipids were
analyzed by TLC. When we focused on the *C-labeled stearate dis-
tribution among the lipid classes, we could see a major stearate in-
corporation in polar lipids (62% of the total lipid radioactivity) and to a
lesser extent in TAG (27%) and DAG (11%) (Fig. 4B). Interestingly,
when '*C-labeled stearate was combined with oleate, **C-labeled polar
lipids dramatically decreased (down to 25%), 14C-labeled DAG dis-
appeared whereas '“C-labeled TAG significantly increased (up to 72%)
(Fig. 4B).

The synthesis of TAG was also assessed by staining the lipid droplets
(LD). A few small LD were observed after stearate treatment while
oleate alone or combined with stearate triggered the formation of many
bigger LDs confirming its efficiency to induce the synthesis of neutral
lipids (Fig. 4C).

Altogether, these results suggest that stearate flux in PMA-differ-
entiated THP-1 cells is mainly channeled towards polar lipids, while it
is redirected towards TAG synthesis in the presence of oleate.

3.4. Stearate induces a strong phospholipid saturation correlated to a loss of
membrane fluidity, both events reversed by oleate co-treatment

The different classes of phospholipids such as the phosphati-
dylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine
(PS) and phosphatidylinositol (PI) were analyzed by mass spectrometry-
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based lipidomics. PC is far and away the most abundant phospholipids
in all mammalian cell membranes. When we classified the individual PC
species into saturated (no double bond), mono-unsaturated (double
bond = 1) and poly-unsaturated (double bonds > 1) species, we ob-
served a dramatic saturation of PC after stearate treatment (Fig. 5A). In
control cells (BSA), most PC species were either mono-unsaturated
(49.45%) or poly-unsaturated (40.01%) and only 10% carried no
double bonds. The stearate treatment reversed the situation, making
almost the half of the PC species saturated (46.35%), leaving only
33.41% and 20.24% of mono- and poly-unsaturated PC species, re-
spectively (Fig. 5A). However, the oleate treatment only induced a
slight decrease of saturated PC species (4.08%) compared to BSA con-
trol with a significant increase of poly-unsaturated ones (55.56%)
(Fig. 5A). Interestingly, the combination of oleate with stearate pre-
vented the strong stearate-mediated PC saturation that even tended
towards a decrease (3.72%). The same trend was observed on the sa-
turation profile of the three other classes, PE, PI and PS, whatever much
less marked (data not shown).

The heatmap allows highlighting the ratios of the abundance of each
phospholipid species (PC, PE, PS and PI) in FFA-treated cells over BSA
control cells (Fig. 5B). As expected, the majority of the saturated species
increased after stearate treatment, especially those with a total number
of fatty acid carbons of 34 and 36 and this effect was reversed by oleate
co-treatment. Some mono-unsaturated species such as those with 36, 38
and 40 carbons were also up-regulated by stearate and the combination
stearate plus oleate but not with oleate alone. Overall, the poly-un-
saturated species were down-regulated in response to stearate, mainly
the first ones of each saturation class (32:2, 34:2, 32:3, 34:3, 34:4, 36:4,
36:5, 38:6...). This effect was also present but less marked with oleate
alone and the combination stearate plus oleate.

Given the large increase in PC saturation after stearate treatment,
we investigated its effects on the physical state of membranes by using
the Laurdan fluorescence [26,27]. This probe tends to distribute evenly
in lipid bilayers but its emission spectrum is influenced by the polarity
of its environment; in apolar environments such as phospholipid bi-
layers in liquid ordered (Lo) or solid (So) phase enriched in saturated
lipid species and cholesterol, its emission maximum is at 440 nm,
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Fig. 3. SFAs activation into acyl-CoA is required for NLRP3 inflammasome
activation but the [B-oxidation is dispensable for both the SFA- and UFA-
mediated effects. (A) SFAs activation into acyl-CoA is required for NLRP3 ac-
tivation. (B, C) The SFAs flux in mitochondria is dispensable for both SFA-in-
duced NLRP3 activation and UFA-mediated NLRP3 inhibition. PMA-differ-
entiated THP-1 cells were pre-treated or not for 1 h with Triacsin C (TC, 5 pM)
(A) or etomoxir (Eto, 25uM) (B) before stimulation for 8 h with BSA, C16:0
(200 M), C18:0 (200uM) alone or in combination with C18:1
(200 uM + 200 uM) and Alum (400 pg/ml) or with increasing Eto concentra-
tions (1, 10, 50 and 100 uM) (C) before stimulation with BSA or C16:0 (200 uM)
for 8h. IL-1P release in supernatant (SN) and the Pro-IL-13, HSP60 or HSP90
levels in cytosol (XT) were determined by immunoblotting. A representative
blot from minimal three independent experiments is shown. NS, non-specific
band.

whereas in relatively polar environments such as membranes in liquid
disordered state (Ld) comprising mainly unsaturated lipids, its emission
maximum is at 490 nm. Generalized Polarization (GP) images can be
constructed from the fluorescence intensity images obtained with blue
and green band-pass filters on the microscope, allowing assessment of
the phase state of the lipid domains. The GP images show that the PMA-
differentiated THP-1 cells are relatively round with quite fluid mem-
branes and some yellow intracytoplasmic vesicles (Fig. 6, BSA). The
treatment with stearate (8h) strongly affects the cell morphology,
making their plasma membranes much less fluid. The number of ve-
sicles is increased but they appear smaller (Fig. 6). However, oleate
alone or in combination with stearate does not seem to disturb neither
the cell morphology nor the lipid bilayers phase but induces an increase
of both the number and the size of the yellow vesicles (Fig. 6). Such
Laurdan-stained cytosolic vesicles were previously observed in other
kinds of cells and were recently shown to be LD that are very apolar
organelles [27]. Since we observed the accumulation of LD in PMA-
differentiated THP-1 cells after treatment with oleate and the combi-
nation stearate plus oleate (Fig. 4C), we can consider these Laurdan-
stained cytosolic vesicles like LD.

Altogether, the combined lipidomic and Laurdan fluorescence
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analyses demonstrated a chemical and physical membrane remodeling
in stearate-treated macrophages-like cells, which can be prevented by
the co-treatment with the corresponding mono-unsaturated fatty acid
oleate.

3.5. De novo PC synthesis is required for SFA-mediated NLRP3
inflammasome activation

To prove that the mechanism underlying SFA-mediated NLRP3 ac-
tivation requires the enrichment of saturated PC, we prevented de novo
PC synthesis by knocking down the CTP:phosphocholine cytidylyl-
transferase alpha (CCTa) in PMA-differentiated THP-1 cells through
their transfection with 2 different siRNAs. CCTa catalyses the rate-
limiting step of the de novo PC synthesis (Fig. 7A) [28]. CCTa depletion
was efficient with both siRNAs (Fig. 7B) and led to a significant
downmodulation of the de novo PC synthesis, as demonstrated by the
strong decrease of propargylcholine incorporation in macrophages
(Fig. 7C). Interestingly, the disruption of the PC synthesis strongly af-
fected the SFA-mediated NLRP3 activation as demonstrated by the
significant decrease of IL-13 secretion, mainly in the case of stearate
(Fig. 7D). While a slight decrease of pro-IL-1f3 levels was observed in
siRNA CCTal (#1, #2)-transfected cells compared to siRNA CTR-
transfected cells, these modulations can in no way explain the drop
observed in the SFA-induced IL-1f secretion. Accordingly, this new
rescue experiment demonstrates that PC synthesis has to be functional
to allow stearate or palmitate incorporation leading to both saturated
PC enrichment and loss of membrane fluidity. In the absence of exo-
genous stearate or palmitate (control BSA), de novo PC synthesis is ef-
fective in macrophages (Fig. 7C) but incorporates endogenous fatty
acids coming from de novo synthesis via fatty acid synthase-dependent
pathway or released from TAG hydrolysis, which ensures a low level of
saturated PC (Fig. 5A). When SFA is added in the culture medium, this
exogenous SFA in excess is preferentially incorporated into PC at the
expense of endogenous fatty acid leading to PC saturation.

3.6. AK" efflux is essential and correlated to SFAs-mediated IL-1P release
but reversed by UFA co-treatment

A K™ efflux seems to be a common step to all NLRP3 inflammasome
activation settings [15-17]. As expected, increasing extracellular K*
concentrations from 5 to 55 mM had a dose-dependent inhibitory effect
on NLRP3 activation by Alum in PMA-differentiated THP-1 cells
(Fig. 8A). The same kind of effect, even more pronounced, was observed
in the case of SFAs, demonstrating that a drop of cytosolic K™ con-
centrations is also a requirement for SFAs-mediated NLRP3 activation
both in PMA-differentiated THP-1 cells and MDMs (Fig. 8B). To es-
tablish a reliable correlation between intracellular K* concentrations
and NLRP3 activation, we measured IL-1B release and K* efflux in
parallel, in time-course experiments. As expected, both the extent and
the kinetics of IL-1f release matched with the K* efflux in response to
Alum, nigericin and ouabain (Na, K-ATPase inhibitor, [29,30])
(Fig. 8C). In comparison to these NLRP3 triggers, stearate induced a
lower and slower drop of intracellular K* concentrations. Indeed, after
8h, these K* concentrations reached 85% of K* control levels. Again,
the K* efflux fitted with IL-13 production (Fig. 8D). Interestingly,
oleate alone did not lead to a loss of intracellular K* and moreover, it
prevented the stearate-mediated K* efflux, which correlated with its
lack of effect or its inhibiting effect on IL-13 production, respectively.
Oleate alone or in combination with stearate even tended to slightly
increase intracellular K concentrations (Fig. 8D). Altogether, these
results demonstrate that SFAs induce a K™ efflux that is required and
correlated with IL-1 secretion, both events inhibited by UFAs.
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Fig. 4. Analysis of the C18:0 flux in the presence or not of C18:1. (A) C18:1 does not affect C18:0 uptake. PMA-differentiated THP-1 cells were treated with a mixture
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periments. (B) The C18:0 flux is mainly channeled towards polar lipids and redirected towards TAG in the presence of C18:1. PMA-differentiated THP-1 cells were
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C18:0 + C18:1 (200 pM + 200 uM) during 8 h before being used for LD and nucleic acid staining with LipidTOX and DAPI, respectively. Representative images from
minimal three independent experiments are shown. CE, cholesterol ester; TAG, triacylglycerol; FFA, free fatty acid; 1,3-DAG, 1,3-diacylglycerol; 1,2-DAG, 1,2-
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diacylglycerol; PL, polar lipids.

3.7. A disruption of the plasma membrane Na, K-ATPase is induced by due to chronic diseases like type 2 diabetes, obesity and cardiovascular
SFAs and prevented by UFAs co-treatment diseases that are influenced by eating habits. NLRP3 plays a key role in
the development of these Western diet (WD)-associated diseases by

The Na, K-ATPase maintains the Na, K gradient across the plasma sensing sterile danger signals and triggering systemic inflammation.
membrane by shuttling 2 K™ in the cell and releasing 3 Na* outside. Its Very recently, a notable study demonstrated that WD, in addition to
activity is known to be modulated both by biophysical properties of the induce systemic inflammation, instigates a long-lasting trained im-
plasma membrane and specific interactions with phospholipids [31]. munity through NLRP3-dependent myeloid cells reprogramming [32].
The down-regulation of the Na, K-ATPase has already been shown able In light of these recent data, there is a great interest in understanding
to induce NLRP3 activation [29,30]. Ouabain, a specific inhibitor of the how WD activates the NLRP3 inflammasome. SFAs have been proposed
Na, K-ATPase, leads to a strong K™ efflux associated to a significant as NLRP3 metabolic triggers [10-12]. We also previously demonstrated
NLRP3 inflammasome activation (Fig. 8C). For all these reasons, we both the activating effect of SFAs and the protective effect of UFAs on
tested the effect of the different SFA/UFA treatments on Na, K-ATPase NLRP3 inflammasome activation in human macrophages [21]. Here, we
activity that we estimated by the ouabain sensitive-**Rb™ uptake. The show the important role of the SFAs flux towards phospholipids leading

activity of the Na, K-ATPase was down-regulated to 92% and 88% with to a loss of membrane fluidity and a K* efflux correlated to the Na, K-
palmitate (200 uM, 8 h) and stearate (200 uM, 8 h), respectively, while ATPase disruption. Interestingly, all these events are reversed by UFAs
the Na, K-ATPase al catalytic subunit levels in the membrane remained that redirect the SFA flux towards TAG.

unchanged after the various treatments (Fig. 9A). Furthermore, the Prior studies have involved mROS accumulation due to impairment
ouabain sensitive-**Rb* uptake was not affected by oleate alone and of AMPK-regulated autophagy in the palmitate-mediated NLRP3 acti-
tended to slightly increase with the combination stearate plus oleate vation in LPS-primed BMDMs [12]. Others showed mROS production
(103%) (Fig. 9A). Interestingly, the activity of the Na, K-ATPase seems after palmitate treatment of LPS-primed murine peritoneal macro-
to be correlated to intracellular K™ concentrations shown in Fig. 8D. phages but the mitochondrial antioxidant MitoTEMPO failed to inhibit
Both SFAs also disrupted the Na, K-ATPase pump in MDMs; palmitate the palmitate-mediated IL-1f3 release [33]. We did not observe ROS
(400 pM, 8 h) and stearate (400 uM, 8 h) reduced the activity of the Na, production neither in PMA-differentiated THP-1 cells nor in MDMs after
K-ATPase to 77% and 76.5%, respectively, without modifying the both palmitate and stearate treatments.

protein levels in the plasma membrane (Fig. 9B). More recently, the IREla-dependent UPR branch was proposed to
mediate the SFA-induced NLRP3 inflammasome activation in LPS-
primed BMDCs [20]. Indeed, Robblee et al. demonstrated that both
inhibitors of IREla endoribonuclease activity (4u8C and STF-083010)
decreased the extent to which SFA treatment induced both Xbpl

4. Discussion
Nowadays, a high percentage of mortality in Western countries is
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Fig. 5. C18:0 induces a dramatic increase in saturated PC that is prevented by C18:1 co-treatment. PMA-differentiated THP-1 cells were treated with BSA (vehicle),
C18:0 (200 uM) or C18:1 (200 uM) alone or in combination C18:0 + C18:1 (200 uM + 200 uM) for 8 h. Lipid extracts were used for lipidomic analysis. (A) The
percentages of saturated (double bond = 0), mono-unsaturated (double bond = 1) and poly-unsaturated (double bond > 1) PC were calculated for each treatment.

+

Results are presented as means

SEM of three independent experiments. Percentages of saturated PC were compared between the different treatments by two-way

ANOVA followed by Tukey's post-hoc test (***P < 0.001; ****P < 0.0001; ns, non-significant). (B) Heatmap of log, ratios of the abundance of phospholipids
species in FFAs-treated PMA-differentiated THP-1 cells over vehicle (BSA)-treated cells. Log, fold change was arbitrarily set at — 3.00/4.00 for coloring. Lipid species
are indicated by their total number of fatty acid carbons, followed by the total number of unsaturations.

splicing and IL-1( secretion. IREla is known to be activated by the
recognition of unfolded proteins in ER lumen but compelling evidences
suggest that IRE1 is also able to sense ER lipid bilayer stress [10,34].
Authors demonstrated through TLC performed on lipid extracts of
radiolabeled palmitate-treated BMDCs that palmitate is mainly in-
corporated into PC. Limiting PC synthesis by chemical inhibitors re-
duced the ability of both palmitate and stearate to induce Xbp1 splicing
and IL-1p secretion, suggesting that incorporation of SFAs into ER
membrane PC contributes to the activation of both IREla and NLRP3
pathways. However, the mechanism by which the SFA-induced IREla-
XBP1 pathway could lead to NLRP3 inflammasome activation still re-
mains unknown. We also observed a strong and rapid activation of the
PERK-EIF2a-ATF4 and IREla-XBP1 pathways in our both stearate-
treated human macrophage models. However, both STF-083010 and
4u8C had no effect on stearate-mediated NLRP3 activation neither in
PMA-differentiated THP-1 cells nor in MDMs while they induced a
significant decrease of Xbp-1 mRNA splicing. These opposing data
concerning involvement of both ROS and IREla could be explained by
the use of various macrophage models, either resting or LPS-primed and
by the selection of different treatment conditions such as the kind of
SFA (palmitate or stearate), the SFA concentration and treatment time.
We definitively think that LPS pre-treatment, by rapidly inducing the
expression of many genes such as those involved in some metabolic
pathways [35], could really influence the FFA signaling inside macro-
phages.

By using inhibitors of ACSLs (Triacsin C) and CPT1 (etomoxir), we
demonstrated that both palmitate and stearate have to be activated into
acyl-CoA but do not need to enter the mitochondria to induce NLRP3
inflammasome activation. Accordingly, fatty acid oxidation seems to be
dispensable for NLRP3 inflammasome activation in SFA-treated human
macrophages unlike other NLRP3 activation settings [36]. Moreover,
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preventing palmitate to enter the mitochondria had even an upregu-
lating effect on NLRP3-mediated IL-1f3 release. Etomoxir probably in-
duced a redirection of the palmitate flux towards another metabolic
pathway like lipid synthesis favoring NLRP3 inflammasome activation.
This synergistic effect of etomoxir was only obtained with palmitate
and not with stearate. This observation allows us to suggest that, in
human macrophages, palmitate is a less efficient NLRP3 trigger than
stearate because its flux is more important towards 3-oxidation at the
expense of the lipid synthesis. Interestingly, this exacerbating effect of
etomoxir has been already observed on palmitate-induced in-
flammatory and ER stress responses in human macrophages [37].

When we followed the incorporation of radiolabeled stearate in li-
pids, we also observed a major incorporation into polar lipids. We then
determined the phospholipid composition of macrophages' membrane
by lipidomic analysis after the different treatments with SFA and/or
UFA. We observed a rapid and dramatic increase of saturated phos-
pholipids especially in the case of the PC, which consisted of almost
50% saturated species after 8 h treatment with stearate compared to
10% in BSA condition. Interestingly, inhibiting the de novo PC synthesis
by knocking down the key enzyme CCTa was able to prevent SFA-
mediated NLRP3 inflammasome activation.

The heatmap revealed an increase of saturated species but also an
up-regulation of some mono-unsaturated ones with an overall reduction
of the poly-unsaturated species, a pattern that corresponds to the de
novo lipogenesis profile [38]. Indeed, an ongoing analysis of the whole
transcriptome of stearate-treated MDMs allowed us to identify an up-
regulation of some genes involved in de novo lipogenesis and glycer-
olipid synthesis already after 8 h treatment. The dramatic increase ob-
served in the saturation of phospholipids could be explained not only by
an exogenous stearate uptake but also by increased de novo lipogenesis
and glycerolipid synthesis. Such hypothesis needs further investigation.
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Fig. 6. A strong decrease in membrane fluidity is induced by C18:0 but reversed by C18:1 co-treatment. PMA-differentiated THP-1 cells were either treated with
vehicle (BSA), with C18:0 (200 uM) and with C18:1 (200 pM) alone or in combination C18:0 + C18:1 (200 uM + 200 uM) during 8 h. After treatment, living cells
were labeled with Laurdan (2,5 uM) for 1 h and two-photon excitation microscopy was performed at room temperature. GP images of living cells were generated
using the images acquired simultaneously in the two Laurdan emission spectra applying the GP formula and using ImageJ. Representative images from minimal three
independent experiments are shown. The colors indicate different GP values according to the reported scale going from 1 (gel phase) to —1 (fluid phase).

It is well-known that unsaturated lipids with a kinked shape create a
liquid-disordered phase while saturated fatty acyl chains, straight and
closely packed, lead to a thicker membrane characterized by a liquid-
ordered phase [39,40]. As expected, we observed, through the Laurdan
fluorescence, a radical and rapid decrease of the membrane fluidity of
human macrophages. It is usually accepted that both the membrane
biophysical properties and the lipid composition can modulate the ac-
tivity of integral proteins through various mechanisms [39,41,42].

The plasma membrane Na, K-ATPase is an integral protein whose
activity is affected by membrane remodeling [31]. Its a catalytic sub-
unit comprises 10 transmembrane helices required for ion binding and
three cytosolic domains mediating ATP binding, ATP hydrolyzing ac-
tivity or carrying phosphorylation sites. The Na, K-ATPase is a member
of the P-type ATPase family characterized by ATP-dependent cyclic
transition between two different conformational states, E1 and E2,
which binds three Na* and two K™, respectively. The Na, K-ATPase
insertion into liposomes of defined lipid composition allowed showing
the modulation of its pump activity by the physical properties of the
lipid bilayer [31]. Later, through crystallization and biochemical stu-
dies, three pockets were resolved in the transmembrane domain that
specifically bind anionic lipids, polyunsaturated neutral phospholipids
and saturated PC conferring, respectively, stabilizing, stimulating and
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inhibiting effects on the Na, K-ATPase activity [31,43,44]. Interest-
ingly, the Na, K-ATPase activity is decreased in erythrocytes showing a
higher saturation level of membrane phospholipids in hypertension
cases [45,46]. For all these reasons and because we showed a dramatic
increase in PC saturation closely correlated to both a K* efflux and
NLRP3 inflammasome activation in SFA-treated human macrophages,
we turned to the Na, K-ATPase. As expected, we observed a reduction of
the K* uptake by the Na, K-ATPase in SFA-treated human macro-
phages. Therefore, we propose the following model: in SFA-treated
human macrophages, strongly increased saturated PC, by reducing the
membrane fluidity and/or by modulating the lipid bilayer thickness or
even through direct inhibiting interactions disrupt the plasma mem-
brane Na, K-ATPase activity, which leads to a K* efflux followed by
NLRP3 inflammasome activation. The link between all these events is
reinforced by the rescue effect of UFAs on each step. Since the lipidomic
analysis was performed on total lipid extracts, we cannot exclude the
possibility that ER or mitochondria membranes are also damaged by the
SFA treatment leading to the disruption of sarco/endoplasmic reticulum
Ca?* ATPase (SERCA)-mediated Ca?™ homeostasis or mitochondrial
dysfunction, both events previously related to NLRP3 activation [8].
We also investigated the mechanism by which UFAs prevent SFAs-
mediated NLRP3 activation. Oleate does not compete with stearate to
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Fig. 7. CCTa-dependent de novo PC synthesis is required for SFA-mediated NLRP3 activation. (A) CDP-choline pathway for PC synthesis. CPT, CDP-choline phos-
photransferase; CEPT, CDP-choline/ethanolamine phosphotransferase. (B, C, D) PMA-differentiated THP-1 cells were treated with BSA or SFAs (200 uM) for 8 h after
CCTa silencing by siRNAs. (B) CCTa, Pro-IL-1f3 and HSP90 levels in total lysates were determined by immunoblotting. A representative blot from minimal three
independent experiments is shown. (C) Neo-synthetized PCs (% of siRNA CTR condition) were monitored in fixed cells using click chemistry reaction between
Propargylcholine and Alexa Fluor 488 azide. Results are presented as means = SEM of three independent experiments. **P < 0.01; ****P < 0.0001 by one-way
ANOVA followed by Dunnett's post-hoc test. (D) IL-1B was measured in supernatants by ELISA. Results are presented as means + SEM of three independent
experiments. *P < 0.05; **P < 0.01; ns, non-significant by one-way ANOVA followed by Dunnett's post-hoc test.

enter the macrophages, does not mediate its inhibiting effect by in-
creasing the mitochondrial stearate flux but redirects the stearate flux
from polar lipids to TAG stored in LD, thereby preventing the saturation
of PC, the Na, K-ATPase disruption, the K* efflux and NLRP3 in-
flammasome activation.

Results from this manuscript combined with data from the literature
allow us to recapitulate the FFA flux occurring in human macrophages
after different FFA treatments. In the absence of exogenous stearate or
palmitate (control BSA), de novo PC synthesis is effective in macro-
phages (Fig. 7C) but incorporates endogenous fatty acids coming from
de novo synthesis via fatty acid synthase-dependent pathway or released
from TAG hydrolysis, which ensures a low level of saturated PC
(Fig. 5A). When stearate is added in the culture medium, this exogenous
SFA in excess is preferentially incorporated into PC at the expense of
endogenous FA leading to PC saturation. A much smaller amount of
exogenous stearate is also incorporated in TAG (Fig. 4B). The addition
of exogenous oleate, while slightly modulating the abundance of some
phospholipid species (Fig. 5B), strongly stimulates the TAG synthesis as
demonstrated by the appearance of many large lipid droplets (Fig. 4C).
The esterification of a fatty acyl moiety to DAG to form TAG is catalysed
by two diacylglycerol O-acyltransferases, DGAT1 and DGAT2. Both
proteins are ER transmembrane proteins. Their different membrane
topologies give them different abilities to interact with other proteins
and organelles and access to different pools of fatty acids; DGAT1 is
proposed to have dual topology contributing to TAG synthesis on both
sides of the ER membrane and esterifying only exogenous fatty acids.
DGAT2 translocates to LD, associates with other proteins, and synthe-
sizes TAG from both endogenous and exogenous fatty acids [47]. A
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model of DGAT1 activation was proposed [48]; the enzyme initially
exists in the inactive state through the binding of high CoA levels to the
allosteric site. CoA can be displaced through increased availability of
acyl-CoA, allowing both conformational changes and activation of
DGAT1. Accordingly, when stearate is added with oleate, exogenous
fatty acids concentrations increase, further boosting DGAT1 activity
and directing both FFAs flux towards TAG (Fig. 4B), which prevents PC
saturation (Fig. 5A) and all the stearate-triggered downstream steps
leading to NLRP3 activation (Figs. 8-9).

In attempt to reverse the “protective” effect of oleate, we tried to
prevent this oleate-mediated switch in stearate flux by inhibiting
DGAT1 or DGAT?2. Interestingly, in the presence of DGAT1 inhibitor,
the incorporation of radiolabeled stearate when combined with oleate
decreased in TAG while re-increasing in polar lipids (data not shown).
DGAT?2 inhibition had no effect on stearate flux (data not shown).
However, the redirection of stearate towards polar lipids after DGAT1
inhibition did not allow to restore NLRP3 inflammasome activation
probably because oleate was also channeled towards phospholipids,
preventing the dramatic increase of saturated PC. Nevertheless, this
experiment shows that DGAT1 mediates the oleate inhibiting effect on
stearate-induced NLRP3 activation. Robblee et al. did not observe any
impact of oleate co-treatment on palmitate flux into lipids maybe be-
cause they used five-fold more palmitate than oleate while we always
treated macrophages with equimolar stearate and oleate concentra-
tions.

WD is characterized by high levels of both saturated fat and car-
bohydrates. These latter supply the de novo lipogenesis in liver and
adipocytes generating SFAs that are released throughout the body via
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Fig. 8. C18:0 induces a K™ efflux that is essential and closely correlated with IL-1f release. (A, B) The K™ efflux is an essential step. (A) PMA-differentiated THP-1
cells were treated with Alum (400 pg/ml) in presence of increasing extracellular [K*]. (B) Both PMA-differentiated THP-1 cells and MDMs were stimulated with
C18:0 (200 uM) in presence of increasing extracellular [K*] during 8 or 16 h, respectively. Supernatants (SNs) were harvested for IL-13 measurements by ELISA. The
levels of Pro-IL-1f and HSP90 in cytosol (XT) were determined by immunoblotting. Results are presented as means + SEM of three (PMA-differentiated THP-1 cells)
or four (MDMs) independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by one-way ANOVA followed by Dunnett's post-hoc test (PMA-
differentiated THP-1 cells). ***P < 0.001 by t-test (MDMs). (C, D) The K™ efflux is tightly correlated to IL-1B secretion. (C) PMA-differentiated THP-1 cells were
either treated with vehicle (DMSO), Alum (400 pg/ml), nigericin (10 uM) or ouabain (1 pM) or (D) with BSA, C18:0 (200 uM) or C18:1 (200 uM) alone or in
combination C18:0 + C18:1 (200 uM + 200 uM) during indicated times. SNs were harvested for IL-13 measurements by ELISA and cell lysates in 10% nitric acid
were analyzed by atomic emission spectroscopy to determine intracellular [K*]. Results are presented as means = SEM of three independent experiments.

*P < 0.05; **P < 0.01 by one-way ANOVA followed by Tukey's post-hoc test.

lipoproteins or as free fatty acids [49]. The composition of membrane
phospholipids was reported to be influenced by the fatty acid compo-
sition of the diet [50-52]. These observations combined with compel-
ling evidence of the NLRP3 central role in WD-induced systemic in-
flammation highlight the relevance of this NLRP3 activation model
based on membrane saturation.

Obesity is also characterized by an accumulation of FFAs in the
plasma and insulin-target tissues [53]. Membrane modifications in both
fluidity and lipid composition have been observed in several types of
cells in patients with T2D [54-57]. SFAs levels in red blood cells
membranes have been also correlated with the susceptibility to develop
T2D [58,59]. In addition to the Na, K-ATPase, several integral mem-
brane proteins involved in inflammatory and metabolic pathways such
as TLR4, SERCA, IRE1laq, ...are also modulated by the disruption of the
membrane homeostasis and relevant in the context of obesity [39]. The

“membrane-centric view of T2D” is reinforced by this study demon-
strating that NLRP3, a central effector in the development of obesity-
related inflammation and insulin resistance, also senses membrane
damage. This work leads to novel therapeutic avenues such as those
targeting the glycerolipid pathway.
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