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c Department of Biochemistry and Molecular Biology B and Immunology, Faculty of Biology, University of Murcia, Spain   

A R T I C L E  I N F O   

Keywords: 
Inflammation 
Inflammasome 
Non-canonical inflammasome 
Caspase 
Pyroptosis 
Interleukin-1 
Cardiolipin 
Phosphatidylinositol-4-phosphate 
Phosphatidylcholine 
Cholesterol 
25-hydroxycholesterol 
Ceramide 
Sphingosine 
Saturated fatty acid 
Polyunsaturated fatty acid 
Oleic acid 
Linoleic acid 
Lipopolysaccharide 
Lipophosphoglycan 
Ornithine lipid 

A B S T R A C T   

The inflammatory response is a complex regulated effector mechanism of the innate immune system that is 
initiated after tissue injury or infection. The NLRP3 inflammasome is an important initiator of inflammation by 
regulating the activation of caspase-1, the maturation of pro-inflammatory cytokines and the induction of 
pyroptotic cell death. Numerous studies demonstrate that the NLRP3 inflammasome could be modulated by 
lipids, existing a relation between lipids and the activation of different inflammatory processes. In this review we 
will summarize how the mechanism of NLRP3 inflammasome activation is regulated by different lipids and how 
these lipids control specific cellular localization of NLRP3 during activation. Although being a cytosolic protein, 
NLRP3 interacts with lipids accessible in neighbor membranes. Also, the modulation of NLRP3 by endogenous 
lipids has been found causative of different metabolic diseases and bacterial-pathogenic lipids lead to NLRP3 
activation during infection. The understanding of the modulation of the NLRP3 inflammasome by lipids has 
resulted not only in a better knowledge about the mechanism of NLRP3 activation and its implication in disease, 
but also opens a new avenue for the development of novel therapeutics and vaccines, as NLRP3 could be 
modulated by synthetic lipids used as adjuvants.   

1. Introduction 

1.1. Canonical and non-canonical NLRP3 inflammasome activation 

The nucleotide-binding oligomerization domain, leucine rich repeat 
and pyrin domain containing 3 (NLRP3) inflammasome is a multiprotein 
complex induced in response to different pathogens- and damage- 
associated molecular patterns (PAMPs and DAMPs, respectively) such 
as extracellular ATP, uric acid or cholesterol crystals, insoluble particles 
like silica, alum or amyloid deposition among others [1–5]. 

The NLRP3 protein belongs to the family of intracellular pattern 
recognition receptor. It is mainly expressed in myeloid cells, such as 

macrophages. Toll-like receptors (TLRs) engagement or tumor necrosis 
factor (TNF) receptor activation upregulate the expression levels of 
NLRP3 and produce specific post-transcriptional modifications, 
including de-ubiquitination and a series of phosphorylation/dephos
phorylation events [6,7]. This process is called “priming”. After priming 
and before inflammasome activation, NLRP3 is present in inactive 
oligomeric cages that keeps the receptor in a stable closed structure 
[8–10]. PAMPs and DAMPs do not bind directly to NLRP3, but induce 
intracellular events that produce a conformational change in NLRP3 to 
initiate the activation of the inflammasome. One events can be a 
decrease in intracellular K+, such as in situations where the cell en
counters pore forming toxins (i.e. nigericin and melittin) [11,12] or 
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when ionic channels are activated (i.e. activation of purinergic P2X7 
receptor or the two-pore domain K+ channel TWIK2 by ATP) [13,14], or 
following the phagocytosis of crystals or particles [15]. Other events, 
such as the production of reactive oxygen species by compound target
ing mitochondria also lead to NLRP3 activation but independently of K+

efflux [16] (Fig. 1). During the activation, NLRP3 localizes to cellular 
compartments with exposed negatively charged lipids such as 
phosphatidylinositol-4-phosphate in dispersed trans-Golgi network 
vesicles, where it adopts a stable oligomeric structure interacting with 
never in mitosis gene a-related kinase 7 (NEK7) [8,17–20]. This active 
NLRP3 oligomer seeds the nucleation of apoptosis-associated speck-like 
protein containing a caspase activation and recruitment domain (ASC) 
(Fig. 1). ASC binds to PYD domains in the NLRP3 oligomer and form 
homo-oligomeric fibers by subsequent PYD-PYD homo-typic domain 
interaction among ASC proteins. These ASC fibers nucleate each other 
interacting by their caspase activation and recruitment domains (CARD) 
forming a large ASC oligomer, where the inflammatory caspase-1 is 
recruited and activated [21–24]. Caspase-1 cleaves different protein 
substrates in the cell, including gasdermin D (GSDMD) and the pro- 
cytokines pro-interleukin (IL)-1β and pro-IL-18 to their bioactive 
forms (Fig. 1). The excision of the amino-terminal fragment of GSDMD 
by caspase-1 cleavage allows its oligomerization in the plasma mem
brane to form pores of approximately 22 nm. The pores of GSDMD 
present a negative electrostatic conduit that preferentially allows the 
release of mature IL-1β and IL-18, that present a basic surface after 
caspase-1 processing [25,26]. GSDMD pores in the plasma membrane 
could be repaired by the endosomal sorting complexes required for 
transport machinery. This kind of release of mature IL-1β and IL-18 from 
living cells is called hyperactive state of the macrophage [26,27]. 
However, if GSDMD continues forming pores in the plasma membrane, 
repairing mechanisms are not efficient enough to seal the damaged 
membrane and GSDMD pores lead to a specific type of necrotic and 
inflammatory cell death called pyroptosis, characterized by ninjurin-1 
protein dependent plasma membrane rupture and cell lysis [28–31]. A 
common marker of pyroptosis is the release of intracellular content such 
as high-mobility group box 1 (HMGB1) protein and glycolytic cytosolic 
enzyme lactate dehydrogenase (LDH), a tetrameric enzyme that does not 
directly permeate through GSDMD pores. The release of intracellular 
content amplifies the inflammatory response, since known pro- 
inflammatory molecules, including HMGB1, NLRP3 inflammasome 
oligomers or mitochondrial DNA, are released during pyroptosis 
[31–34]. 

Caspase-11 in mice (and its orthologues caspase-4/5 in humans) is 
another inflammatory caspase that functions as an intracellular sensor of 
different lipids. Caspase-11/4/5 are activated after binding to bacterial 
lipopolysaccharide (LPS) or certain endogenous oxidized phospholipids 
[35–38]. Meanwhile caspase-11/4/5 can cleave GSDMD and induce 
pyroptosis, it cannot cleave pro-IL-1β nor pro-IL-18. In that situation, the 
NLRP3 inflammasome is then activated, likely in response to K+ efflux 
from GSDMD pores; this process is known as the non-canonical NLRP3 
inflammasome activation [39,40] (Fig. 1). In the non-canonical NLRP3 
inflammasome the maturation of IL-1β and IL-18 is dependent on 
caspase-1 and occurs in a second stage, while GSDMD cell per
meabilization and pyroptosis mainly depends on caspase-11/4/5 acti
vation and occurs before caspase-1 is activated (Fig. 1). In 
contraposition, in the canonical NLRP3 inflammasome the maturation of 
cytokines and GSDMD-mediated pyroptosis both depend on caspase-1 
activation. 

1.2. NLRP3 inflammasome in inflammation and disease 

The NLRP3 inflammasome is an effector mechanism of the innate 
immune system important to establish an immune response, its activa
tion is important for the optimal elimination of bacterial but also viral 
infections by activating the adaptive immune system [41]. The NLRP3 
inflammasome is also important to promote tissue repair in the intestinal 

barrier and so suppress colorectal cancer in mouse model (for reviews 
see [42,43]). However, an exacerbate activation of the NLRP3 inflam
masome has been linked to the development of other types of cancer and 
various pathologies, including rare conditions and chronic, metabolic or 
degenerative diseases (for reviews see [42–45]). The implication of the 
NLRP3 inflammasome in disease come from two main observations: (i) 
the benefits of molecular inhibition and genetical depletion of NLRP3 in 
pre-clinical models of diseases; and (ii) the identification of disease- 
causing gain-of-function mutations in human patients suffering Cry
opyrin associated-periodic syndromes (CAPS) [42–44,46]. Over 200 
different variants of NLRP3 have been associated to CAPS [42] and these 
mutations result in a constitutively open conformation of the receptor 
that favor its activation [47]. Also, patient monocytes carrying NLRP3 
mutations constitutively release IL-1β and knock-in of mutated NLRP3 in 
mice causes a constitutive inflammatory phenotype [48–51]. Different 
DAMPs, including endogenous lipids (as will be reviewed in the 
following sections), have been involved in the activation of NLRP3 in 
disease. NLRP3 knock-out mice present a protected phenotype in models 
of gout, rheumatoid arthritis, atherosclerosis, diabetes, non-alcoholic 
fatty liver disease, myocardial infarction, inflammatory bowel disease, 
nephropathy, graft-versus-host disease, contact hypersensitivity, multi
ple sclerosis/experimental autoimmune encephalitis, traumatic brain 
injury, stroke and Alzheimer’s disease and several cancer type [42–45]. 
Also, blocking NLRP3 with specific inhibitors ameliorates the symptoms 
of these different conditions in pre-clinical models [43–45], establishing 
that NLRP3 is a good druggable candidate target for the development of 
novel anti-inflammatory therapies. In fact, some small-molecules in
hibitors of NLRP3 are already in phase I clinical trials and in particular 
the β-sulfonyl nitrile compound OLT1177 (Dapansutrile) has satisfac
tory reported safety results in humans and efficacy in the reduction of 
joint pain in a phase IIa clinical trial for patients with monoarticular 
monosodium urate crystal-gout flares, and improvement of left ven
tricular ejection fraction in a phase Ib trial for systolic heart failure 
[52,53]. However, future clinical studies are needed with Dapansutrile 
and other NLRP3 inhibitors to confirm the clinical potential of these new 
drugs in different human diseases. 

1.3. Lipid metabolism and inflammation 

Numerous studies demonstrated that there is a link between modi
fications occurring in the lipid metabolic pathway and the activation of 
inflammatory processes [54,55]. Such a remodeling of the lipid 
composition is observed and characterizes pathologies like atheroscle
rosis and diabetes. How activation of inflammatory factors contributes 
to those diseases is largely unknown. In the following section we will 
review how lipids can activate NLRP3 or contribute to its compart
mental location (summarized in Table 1). Activation of NLRP3 by 
endogenous lipids can be deleterious and cause inflammatory diseases, 
whereas a normal lipid-mediated regulation is important for immune- 
defense. Moreover, activation of NLRP3 by synthetic lipids has turned 
out to be extremely advantageous for the formulation of safe adjuvant- 
free vaccine. 

Deciphering the role and the mechanism of lipid in NLRP3 inflam
masome activation might lead to novel strategies for vaccine formula
tion as well as for the treatment of diseases for which perturbed lipid 
metabolism is an underlying cause. 

2. Regulation of NLRP3 inflammasome by endogenous lipids 

2.1. Spatially regulated-NLRP3 interaction with endogenous lipids 

The cellular localization of NLRP3 in macrophages has been reported 
to be in the cytosol and associated with different intracellular organelles, 
as mitochondria-associated membranes (MAMs), the trans-Golgi 
network, the endoplasmic reticulum (ER), or the microtubule- 
organizing center [8,17,18,56–58]. The association of NLRP3 with 

M. Pizzuto et al.                                                                                                                                                                                                                                 



Progress in Lipid Research 87 (2022) 101182

3

Fig. 1. Schematic representation of lipids involved in the canonical and non-canonical NLRP3 activation pathways. In the canonical activation, NLRP3 activation is 
caused by the K+ efflux that can be induced by cholesterol crystals, sphingosine and saturated fatty acids (SFAs) such as palmitic and stearic acids and can be 
inhibited by unsaturated fatty acids (UFAs). Interaction with cholesterol and negatively charged lipids such as cardiolipin, and phosphatidylinositols in organelles 
membranes favors NLRP3 activation and interaction with ASC and caspase-1. Active caspase-1 cleaves gasdermin D (GSDMD), pro-IL18, and pro-IL1β causing pore 
membrane formation and cytokine release. In the non-canonical pathway, bacterial lipopolysaccharides (LPS), lipophosphoglycans (LPG) or ornithine lipids (OL) or 
host-derived oxidized phospholipids (oxidized 1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphorylcholine, oxPAPC) activate caspase-11, which cleaves GSDMD, 
inducing membrane pore formation. The consequent K+ efflux activates in turn the NLRP3 inflammasome. Both canonical and non-canonical pathways culminate in 
Ninjury-1-mediated lytic cell death. The NLRP3 inflammasome could be also activated by cationic lipids through an unknown mechanism. 
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such a variety of organelles and its importance to activate the inflam
masome appears conflictual. The presence of exposed negatively 
charged lipids in the organelles determines the association to NLRP3. 
The different cell types used might results in differences in the exposed 
negatively charged lipid on the organelles and could explain the dis
crepancies between the different studies. However, it must be noted that 
mitochondrial membranes are particularly difficult to purify from ER 
membrane, and studies evaluating the association with mitochondria 
are actually looking at both mitochondria and mitochondria-associated 
membrane from the ER. However, organelle membranes are an intri
cated and highly dynamic network and, despite the apparent in
congruences, it is plausible that NLRP3 associates with most of the 
aforementioned membranes at different stages. Altogether, the studies 
reviewed in the following paragraphs suggest that, in the priming step, 
NLRP3 is expressed and could be transported through the ER (and 
MAMs), whereas the oligomerization to inactive cage structure might 
occurs in the TGN during the activation step, before moving to the 
microtubules-organizing center (MTOC) for inflammasome assembly. 

2.1.1. Cholesterol in the endoplasmic reticulum is involved in NLRP3 
activation 

It has been described that depletion of cholesterol in the ER but not in 
the plasma membrane of murine macrophages strongly affects ATP- and 
nigericin-induced NLRP3 association with ASC, resulting in inhibition of 
caspase-1 activation and IL-1β and IL-18 release [58]. Interestingly, 
NLRP3 signal was restored by replenishment of cells with”cholesterol 
[58]. The reduction of NLRP3 activation was not due to a defective 
priming, as TNF-α secretion and the expression of NLRP3, ASC, caspase- 
1 and pro-IL-1β were not affected by depletion of cholesterol in the ER. 
Moreover, other inflammasomes (NLRC4 and AIM2) were normally 
activated by their stimuli [58]. The authors suggest that depletion of 
cholesterol in the ER affects the transport of NLRP3 to the ASC. How
ever, further studies have to be conducted to confirm this hypothesis. 
Indeed, the authors did not investigate the effect of ER cholesterol 
depletion in NLRP3 and ASC localization in the ER, MAMs or cytosol 
[58]. The reduced ASC-NLRP3 interaction might be due to defective 
NLRP3 transition to the open/active conformation needed to interact 
with ASC [12]. It would be interesting to know whether cholesterol is 
needed for NLRP3 association with the ER and whether the character
istic of cholesterol enriched membrane helps NLRP3 conformational 
changes like it has been suggested for TLR4 [59]. Assays to monitor 
conformational changes of NLRP3 during activation, as using biolumi
nescence resonance energy transfer (BRET) NLRP3 sensors, may reveal 
whether NLRP3 conformational change is affected by cholesterol 
depletion [47,60]. The role of cholesterol in NLRP3 activation might 
open the way for the understanding of diseases involving altered 
cholesterol trafficking, such as the Niemann-Pick disease type C1, a 
neurodegenerative lysosomal disorder characterized by dysfunction of 
NPC1 and significant dysregulation of innate immunity [61], among 
others. 

2.1.2. Cardiolipin favors NLRP3 inflammasome formation 
Cardiolipin (CL) is a four-acylated phospholipid found in the mito

chondrial membrane. CL liposomes induce oligomerization of recom
binant NLRP3 and caspase-1 and both proteins are also able to bind to CL 
lipid strips [56,62]. Iyer and co-worker suggest that CL is needed for a 
functional NLRP3 inflammasome assembly in macrophages [62]. Ac
cording to Elliott and co-workers, the interaction of CL with NLRP3 and 
caspase-1 in the mitochondrial membrane would create a platform for 
the formation of the NLRP3 inflammasome, which occurs once NLRP3 is 
activated [56]. Cardiolipin is normally located in the inner mitochon
drial membrane, however, when cells are treated with LPS, cardiolipin is 
found in the external membrane of purified mitochondria [56]. The 
authors demonstrated that LPS-induced CL exposure was dependent on 
reactive oxygen species (ROS) production [56]. It is known that other 
ROS-inducing signals may cause CL exposure, strongly suggesting that 
priming with other TLR activators might induce the same effects [63]. 
Elliot and co-workers demonstrated that NLRP3 and caspase-1 migrate 
to mitochondria/MAMs fraction following priming and that ASC is 
recruited following NLRP3 activation [56]. They suggest that the 
localization of NLRP3 and caspase-1 with mitochondria and MAMs is 
due to the LPS-induced exposure of CL [56]. However, they did not 
investigate whether depleting CL decreases the amount of NLRP3 or 
caspase-1 in the mitochondrial fraction [56], therefore, this interesting 
hypothesis will need further investigation. Also, other studies observed 
proximity of NLRP3 to MAMs but not co-localization of NLRP3 with 
mitochondria was observed [17,58]. 

2.1.3. Phosphatidylinositol phosphate binds to NLRP3 for inflammasome 
activation 

Following stimulation with nigericin and other stimuli, NLRP3 has 
been found to oligomerize into small puncta in the dispersed trans-Golgi 
network (dTGN) and then to associate with microtubule before assembly 
with ASC and caspase-1 [8,17,18]. Andreeva and co-workers showed 
that in wild-type and NLRP3− /− reconstituted with human NLRP3 

Table 1 
Lipids origin and how they modulate the NLRP3 inflammasome.  

Lipid Origin Relation to NLRP3 
inflammasome 

References 

Cardiolipin Mitochondria Favors NLRP3 
proximity with ASC 
and caspase-1 in 
mitochondria 

[56,62] 

Phosphatidylinositol- 
4-phosphate 

Trans-Golgi 
network 

Stabilize the active 
open conformation 
of the NLRP3 
oligomers 

[8,17] 

Cholesterol Endoplasmatic 
reticulum 

Enables NLRP3 
transport and 
association to ASC 

[58] 

Cholesterol; 25- 
hydroxycholesterol 

Cholesterol 
metabolites 

Activates NLRP3 
inflammasome 

[81,82] 

Cholesterol crystals Oxidized low- 
density 
lipoproteins 

Activate NLRP3 
inflammasome 

[69] 

Oxidized 
Phosphatidilcholine 

Lipid droplets/ 
foam cells 

Activates the non- 
canonical NLRP3 
inflammasome 

[70] 

Activates the NLRP3 
inflammasome 

[71] 

Inhibits the non- 
canonical NLRP3 
inflammasome 

[71] 

Ceramide Diet Activates the NLRP3 
inflammasome 

[85] 

Sphingosine Diet Activates the NLRP3 
inflammasome 

[86] 

Saturated fatty acids Diet Activate the NLRP3 
inflammasome 

[89–91] 

Polyunsaturated fatty 
acids 

Diet Inhibit the NLRP3 
inflammasome 

[87,88] 

Cationic lipids 
lipopolyamines 

Synthetic Activate the NLRP3 
inflammasome 

[122,124] 

Ornithine lipid Gram negative 
bacteria 

Activate the non- 
canonical NLRP3 
inflammasome 

[104] 

Penta- and hexa- 
acylated LPS 

Gram negative 
bacteria 

Activate the non- 
canonical NLRP3 
inflammasome 

[36,95] 

Lipid IVa LPS synthesis 
precursor 

Activates the non- 
canonical NLRP3 
inflammasome 

[36] 

Dephosphorilated 
tetra-acylated LPS 

Gram negative 
bacteria 

Inhibit the non- 
canonical NLRP3 
inflammasome 

[36] 

Lipophosphoglycans Leishmania 
parasites 

Activate the non- 
canonical NLRP3 
inflammasome 

[92]  
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immortalized murine macrophages primed with LPS, inactive NLRP3 
oligomerizes into a cage-like structure and co-localizes with the TGN 
[8,17]. Chen & Chen also show that NLRP3 is co-purified with TGN 
membrane fraction before Nig-treatment [17]. Subsequent stimulation 
leading to NLRP3 activation induces the disassembly of the TGN in the 
dTGN and the formation of NLRP3 inflammasome at the MTOC [8,17]. A 
K+ efflux is required for NLRP3 activation by nigericin, whereas mole
cules such as imiquimod can activate NLRP3 independently of K+ efflux 
[62]. Intriguingly, dTGN formation by both nigericin and imiquimod 
was independent of K+ efflux, even when NLRP3 constitutively localizes 
with the TGN [17]. Also NLRP3 inhibition by MCC950 impaired NLRP3 
activity but did not affect NLRP3 association to the dTGN and Nig- 
induced dTGN formation, demonstrating that dTGN formation is 
caused by NLRP3 stimuli but is upstream of NLRP3 activation [8]. The 
K+ dependence was instead reflected in the recruitment of NLRP3 to 
dTGN, being K+ efflux necessary for the NLRP3 requirement to the dTGN 
induced by nigericin but not by imiquimod [17]. 

NLRP3 is recruited to the dTGN due to the interaction of its polybasic 
region (residues KKKK 127–130 in mouse NLRP3, KMKK 129–132 in 
human NLRP3, found between the PYD and NACHT domains) with the 
negatively charged phosphatidylinositol 4-phosphate (PI4P) [8,17]. An 
in vitro assay with lipidic strips showed that a purified NLRP3 fragment 
containing the KKKK motif as well as inactive NLRP3 cages bind to 
several phosphorylated phosphatidylinositols and phosphatidic acid 
(PA), but not the unphosphorylated phosphatidylinositols [8,17]. 
However, only a phosphatase selective for phosphatidylinositol 4-phos
phate (PI4P) inhibited nigericin-induced NLRP3 oligomerization and 
recruitment to dTGN. Moreover, after nigericin treatment, NLRP3 
colocalizes with the pleckstrin homology (PH) domain of oxysterol 
binding protein (OSBP-PH), one of the best characterized PI4P-binding 
domains and the replacement of KKKK with OSBP-PH makes NLRP3 
constitutively recruited to the TGN, although active only after nigericin- 
induced dTGN formation, demonstrating that PI4P specifically recruits 
NLRP3 to the TGN [17]. However, the elimination of the polybasic 
sequence KMKK in the human NLRP3 did not affect the activation of the 
inflammasome, suggesting that human NLRP3 could require a longer 
polybasic patch [64].Interestingly, Andreeva and co-workers also show 
that the mutation of the polybasic region disrupt the oligomerization of 
NLRP3 into cages, and this is rescued by addition of a OSBP linker, 
demonstrating that NLRP3 oligomerization is mediated by its associa
tion with TGN membranes [8]. Finally, the insertion of a OSBP linker in 
a mutant unable to form cages did not rescue dTGN formation and 
NLRP3 activity, demonstrating that cage formation is necessary for these 
events [8]. 

2.2. Activation of NLRP3 inflammasome by endogenous lipids and 
implication in disease 

Whereas the lipids described so far are involved in the spatial regu
lation of the NLRP3 inflammasome for its activation, some lipids are 
able to activate the NLRP3 inflammasome independently of the presence 
of canonical stimuli. In condition such as atherosclerosis and rheuma
toid arthritis, cholesterol and oxidized phospholipids, such as the ones 
derived from 1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphorylcho
line (PAPC), known as oxPAPC, accumulate in blood vessels inside 
foam cells (cells characterized by presenting intracellular lipid droplets) 
[65,66]. Advanced microscopic techniques have revealed that micro
scopic crystals and lipid droplets containing cholesterol and oxPAPC 
appear in mice at the early stage of atherosclerosis in concomitance with 
the appearance of inflammatory cells infiltration [3,67], suggesting that 
these lipids contribute to the early phases of inflammation. Cholesterol 
is a ubiquitous component of all cellular membranes and it plays 
essential roles in membrane structure and function. Cells capture 
exogenous cholesterol from circulating lipoproteins via LDL receptor- 
mediated endocytosis [66]. Disruption of cholesterol homeostasis re
sults in the accumulation of free cholesterol and in the formation of 

cholesterol crystals [68]. Whereas cholesterol is reported to promote 
canonical NLRP3 inflammasome activation, oxPAPC activates or in
hibits both canonical and non-canonical NLRP3 inflammasome 
depending on cell type and location [69–71]. 

2.2.1. Phosphatidylcholine 
The ability of oxPAPC to modulate NLRP3 activation has been re

ported to depend on the cell type. OxPAPC is found in apoptotic and 
necrotic cells and in damaged tissues [72]. Oxidation of PAPC generates 
a large variety of products, such as 1-palmitoyl-2-(5-oxovaleroyl)-sn- 
glycero-3-phosphorylcholine (POVPC), 1-palmitoyl-2-glutaroyl-sn-glyc
ero-3-phosphorylcholine (PGPC), and epoxy-isoprostane-PC 1-palmi
toyl-2-(5,6 epoxyisoprostanoyl)-sn-glycero-3- phosphocholine (PEIPC), 
1-(Palmitoyl)-2-(5-keto-6-octene-dioyl) phosphatidylcholine (KOdiA- 
PC) and lyso-PC among others [73,74]. Zanoni and co-workers have 
shown that 100 μg/mL of commercial mix of oxPAPC (around 120 μM) 
as well as the purified components KOdiA-PC, POVPC, and PGPC 
induced IL-1β secretion in primed dendritic cells (DCs) derived from 
bone-marrow (BMDC) or purified from mice spleen [35]. By contrast, 
bone marrow derived macrophages (BMDM) were not able to secrete IL- 
1β in response to oxPAPC mix [35]. The activation occurred even when 
DCs were primed with TLR ligands other than LPS, running out of the 
possibility that oxPAPC acts as a transporter of LPS to activate caspase- 
11 and the non-canonical NLRP3 inflammasome [35]. The secretion of 
IL-1β induced by oxPAPC was dependent on NLRP3, ASC, caspase-1 and 
caspase-11, suggesting that oxPAPC is an activator of the non-canonical 
NLRP3 inflammasome pathway in DCs. Similar to LPS, oxPAPC induced 
caspase-11 oligomerization, interacted with immobilized catalytically 
inactive caspase-11(C254A) as LPS does, and biotin-oxPAPC, as biotin- 
LPS, bound endogenous caspase-11 from DCs and immortalized mac
rophages. However, important differences with respect to LPS-caspase- 
11 activation have been observed. First of all, oxPAPC did not induce 
pyroptosis and neither the caspase-11 catalytic activity nor K+ efflux 
was required for oxPAPC-induced IL-1β secretion. Moreover, mutations 
in the caspase-11 CARD domain that prevents LPS binding did not 
impair oxPAPC binding, while the isolated caspase-11 catalytic domain 
(but not the CARD) retained the ability to bind oxPAPC [35], suggesting 
that oxPAPC binds to caspase-11 at a different region from LPS. Finally, 
differently from LPS, biotin-oxPAPC was able to capture not only 
caspase-11 but also caspase-1 and, very surprisingly, oxPAPC inhibited 
LPS-induced caspase-11 enzymatic activity observed by spectro
fluorimetry [35], which made the authors suggest that oxPAPC may lead 
to the formation of a hetero-complex between caspase-11 and caspase-1 
in DCs [35]. 

Another study showed that high concentration of oxPAPC induced 
IL-1β release in primed BMDCs, but independently of caspase-11 [71]. 
The authors showed that DCs had a basal IL-1β secretion induced by LPS 
or Pam3CSK4 priming which was increased by an elevated oxPAPC 
concentration (100 μg/mL). The release of IL-1β required 18 h of incu
bation with oxPAPC and was independent of caspase-11 and dependent 
on TLR4, even in Pam3CSK4 primed DCs [71], a pattern reminiscent of 
the alternative inflammasome pathway observed in human monocytes, 
which rely on TLR4 and caspase-8 [75]. 

When LPS was delivered intracellularly with 1,2-dioleoyl-3-trime
thylammonium propane (DOTAP), caspase-11 dependent IL-1β release 
via the non-canonical NLRP3 inflammasome activation was completely 
blocked by co-transfection with 1 μg of oxPAPC [71], suggesting that 
oxPAPC is an inhibitor and not an activator of caspase-11 and the non- 
canonical NLRP3 activation. A 2-fold excess of oxPAPC over LPS was 
enough to completely block LPS-induced caspase-11 activation in BMDC 
and BMDM, and a 10-fold excess protected mice from acute LPS-induced 
septic shock in vivo [71]. Chu and co-workers demonstrated that 170- 
fold less concentrated oxPAPC (0.6 μg/mL) with respect to the concen
tration shown to activate caspase-11 in DCs, was sufficient to inhibit 
LPS-induced caspase-11 activation in BMDM [71]. They showed that 
oxPAPC but not PAPC inhibits DOTAP delivered or electroporated LPS- 
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and bacterial outer membrane vesicles (OMVs)-induced pyroptosis and 
non-canonical NLRP3 activation, completely abrogating GSDMD cleav
age and HMGB1, LDH, IL-1β and IL-1α release in human and murine 
primary macrophages and THP1 cell line [71]. The protective activity of 
oxPAPC was independent of TLR4 as it was observed also in TLR4- 
deficient BMDM and mice. oxPAPC captured tagged mouse caspase-11 
and its orthologue human caspase-4 from lysates of transfected 
HEK293 cells and reduced biotin-LPS binding to tagged-caspase-4 in 
transfected HEK293 cells and to endogenous caspase-11 in lysates from 
BMDM [71]. This strongly suggests that oxPAPC binds to cytosolic 
caspase-11 and caspase-4 preventing LPS binding and caspase activa
tion. Moreover, both oxPAPC and LPS are suggested to bind to the same 
region of caspase-11, although through different amino acids [71]. 

In BMDM, oxPAPC reduced LPS-driven caspase-11 activation when 
administered simultaneously or previous LPS delivery, whereas the in
hibition of LPS-induced caspase-11 activation in DCs is observed only 
when oxPAPC is co-delivered [71]. Moreover, DCs presented a reduced 
uptake of oxPAPC with respect to BMDM, which may redirect the 
oxPAPC towards TLR4 on the cell membrane and explain why oxPAPC 
induces TLR4-dependent IL-1β secretion in BMDCs but not in BMDM 
[71] [35,71]In line with the ability of extracellular oxPAPC to activate 
the NLRP3 inflammasome, Yeon and co-workers reported the ability of 
some oxPAPC components to activate NLRP3 in BMDM [76]. They 
observed that 1 h treatment of BMDM with 100 μg/mL of POVPC, 
KOdiA-PC or PGPC was sufficient to induce NLRP3-dependent caspase-1 
activation and IL-1β and IL-18 secretion in BMDM [76]. They also 
observed NLRP3 activation by POVPC in two different mouse models of 
air pouch and peritonitis [76]. The authors did not investigate caspase- 
11 involvement. Similar to the activation in DCs shown by Zanoni and 
co-workers [35], the activation of NLRP3 in BMDM was not dependent 
on K+ efflux, but was instead dependent on the increase in intracellular 
Ca2+ and on mitochondrial ROS production [76]. 

All together these studies suggest that high concentration of extra
cellular oxPAPC may activate the alternative NLRP3 pathway, whereas 
intracellular delivered oxPAPC is an antagonist of caspase-11 [77]. It 
must be noted that POVPC, KOdiA-PC and PGPC represent less than 10% 
of oxPAPC and that circulating concentrations of oxPAPC in human 
plasma are close to the ones required for LPS inhibition, whereas it is 
very unlikely to find high concentrations of 100 μg/mL physiologically 
[77], although local concentrations of oxPAPC may be much higher. 

Another product of PAPC degradation, the lyso-PC (LPC), has been 
reported to have inflammatory properties. Treatment of THP1 or human 
umbilical vein endothelial cells (HUVECs) cells for 24 h with 1 μg/mL of 
synthetic C16:0-LPC has been reported to lead to pro-caspase-1 induc
tion and activation and caspase-1-dependent foam cell formation [67]. 
LPC induced IL-1β secretion in LPS-primed THP1. In endothelial cells IL- 
1β was not detectable although HMGB1 release was observed. LPC also 
induced weak IL-1β and LDH release in not primed cells, which was 
blocked by antibodies neutralizing TLR2, and inhibitors of cathepsin B 
and K+, but not by the ROS inhibitor N-acetyl cysteine [67]. IL-1β 
secretion was also observed in primary microglial cells and monocytes 
treated with C16:0 and C18:0 but not C18:1 LPC [78,79]. 

2.2.2. Cholesterol 
Cholesterol crystals induced caspase-dependent IL-1β release in 

human peripheral blood mononuclear cells (PBMCs) and monocytes as 
well as in THP1 cells primed with LPS or modified low-density lipo
proteins (LDL) [3,80]. The release was abrogated by silencing NLRP3 
and ASC in human macrophages and absent in macrophages from 
Nlrp3− /− and Pycard− /− mice, demonstrating the ability of cholesterol 
crystal to activate the NLRP3 inflammasome [3,80]. The activation oc
curs following cholesterol crystal phagocytosis and lysosomal rupture, 
being partially decreased in macrophages deficient in cathepsin B or L. 
[3,80] Moreover, intraperitoneal injection of cholesterol crystal in mice 
induced IL-1α, IL-1β and IL-1 receptor dependent neutrophil recruit
ment, which was decreased in NLRP3 and cathepsin deficient mice [69]. 

Oxidized LDL can prime macrophages and at larger time can transform 
into cholesterol crystals and activate the NLRP3 inflammasome [69]. 

Oxysterols are cholesterol metabolites produced by enzymatic or 
radical processes. Among them, 25-hydroxycholesterol (25-HC) is the 
most studied as it is involved in metabolism and antiviral and cell- 
survival processes [81]. Jang and co-workers found that 10 h treat
ment of primed BMDMs or microglial cells with 25-HC ranging from 10 
to 100 μM induced NLRP3 inflammasome dependent caspase-1 activa
tion and IL-1β secretion [82]. 25-HC-induced IL-1β release was also 
observed in primary glial cells and THP-1 [82]. Stereotaxic injection of 
25-HC 100 μM in the corpus callosum of mouse brain resulted in the 
production of IL-1β and recruitment of glial cells; both events were ab
sent in Nlrp3− /− mice [82]. The activation of NLRP3 by 25-HC in the 
brain might explain cerebral inflammation in childhood cerebral adre
noleukodystrophy (CCALD). In cells derived from CCALD patients, the 
gene for the enzyme cholesterol 25-hydroxylase (CH25H) was upregu
lated and 25-HC accumulated in cells supernatants [82]. Very long chain 
fatty acids (VLCFA) also accumulate in this condition and are considered 
a biomarker of the disease. However, Jang and co-workers did not 
observe any induction neither of the NLRP3 inflammasome nor of the 
NF-κB pathway by VLCFA [82]. 

In contrast to the reported pro-inflammatory properties of 25-HC, the 
canonical activation of NLRP3 treatment induced more IL-1β secretion 
in macrophages from CH25H− /− mice with respect to wild type mice 
[83]. CH25H gene is upregulated by LPS treatment in a IFN-α receptor- 
dependent manner and results in an increase of 25-HC in BMDMs su
pernatants [83]. Although pro-IL-1β was transiently overproduced after 
LPS treatment in CH25H− /− , the increase in IL-1β secretion cannot be 
simply ascribed to priming enhancement, as also IL-18 secretion and 
caspase-1 activation were enhanced while other cytokines depending 
solely on NF-κB activation, as IL-6, were not affected. Moreover, Casp1, 
Nlrp3 and Pycard genes were not upregulated in CH25H deficient cells. 
Intriguingly, the increase in caspase-1 activation was not specific to the 
NLRP3 activator extracellular ATP, but occurred also with flagellin (a 
specific NLRC4 inflammasome activator) and poly-dA:dT nucleotide (a 
specific AIM2 inflammasome activator) [83], suggesting that it CH25H 
gene could regulates different inflammasomes. 

3. NLRP3, lipids, diabetes and obesity 

Elevated levels of free fatty acids (FFAs) play a causal role in the 
progression of metabolic diseases, including obesity, atherosclerosis, 
type 2 diabetes mellitus, and metabolic syndrome [84]. 

3.1. Ceramide and sphingosine 

A study from Vandanmagsar and co-workers focused on the role on 
NLRP3 activation in obesity-induced insulin resistance [85]. They show 
that in high fat diet-induced obese mice IL-18 concentrations signifi
cantly increased in the serum and caspase-1 was activated in adipose 
tissue and liver, with both events being blocked in mice deficient on 
NLRP3 [85]. Since obesity causes increase in tissue and circulating levels 
of free fatty acids, the authors tested the involvement of ceramide by 
treating LPS-primed BMDM with 100 μM of this fatty acid. This high 
concentration of ceramide induced an NLRP3-dependent IL-1β secretion 
and caspase-1 cleavage [85]. Another study has shown that lower con
centrations of ceramide (20 and 40 μM) did not induce IL-1β release in 
LPS-primed peritoneal murine macrophages [86]. By contrast, 20 μM of 
sphingosine, the immediately downstream metabolite of ceramide, was 
able to induce NLRP3-dependent IL-1β secretion [86]. The same con
centration of the water-soluble sphingosine analog FTY720, used in vivo 
as anti-sclerotic and anti-tumoral, induced IL-1β secretion from LPS- 
primed macrophages and in a in vivo model of peritonitis [86] [86] 
The authors showed that activation of NLRP3 was dependent on K+

efflux and not on P2X7 receptor activation [86]. Sphingosine also 
induced lysosomal membrane rupture and cathepsin B leakage to the 
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cytosol, but this process did not correlate with IL-1β secretion, although 
there is a requirement for an acidic lysosome for IL-1β secretion [86]. 

3.2. Saturated vs unsaturated fatty acids 

Other fatty acids have been observed to induce NLRP3 inflamma
some activation and may be involved in obesity-related inflammation. 
Albumin-conjugated saturated fatty acids (SFAs) such as palmitic and 
stearic acids activate TLRs and induce K+-dependent NLRP3 inflam
masome and caspase-1 activation with consequent IL-1β release in 
human and murine monocytes and macrophages. By contrast, unsatu
rated fatty acids (UFAs) such as oleic (OA) and linoleic (LA) acids, 
among others, prevent SFAs-induced NLRP3 activation [87–91].OA and 
LA were also shown to inhibit nigericin-, ATP- and monosodium urate 
(MSU)-induced IL-1β release in human monocytes and THP1 [88]. 
Interestingly OA and LA were not able to inhibit the activation of the 
NLRC4, AIM2 or NLRP7 inflammasomes and did not affect pro-IL-1β and 
NLRP3 expression [87,88], indicating UFAs as specific NLRP3 in
hibitors. However, other reports showed that OA and LA were not able to 
inhibit nigericin-induced IL-1β release in murine macrophages while ω-3 
were effective inhibitors of the NLRP3 inflammasome [87,90]. The 
ability of UFAs to inhibit the canonical NLRP3 activation induced by 
nigericin or extracellular ATP remain controversial, while their ability to 
inhibit SFAs-induced NLRP3 activation seems to lie in their interfering 
in upstream events such as SFAs internalization, crystallization and 
SFAs-induced PC accumulation and plasma membrane disruption 
(leading to intracellular K+ efflux); which are at the fundament of the 
mechanism of the canonical NLRP3 activation by SFAs, but dispensable 
to activate the NLRP3 inflammasome in response to other canonical 
stimuli such as nigericin and ATP [89,90]. 

4. Pathogenic lipids and NLRP3 activation 

4.1. Lipopolysaccharides and lipophosphoglycans 

Pathogenic lipids such as E. coli LPS and Leishmania lip
ophosphoglycans (LPG) once delivered into the cytosol of cells induce 
GSDMD-dependent pore formation through binding and activation of 
caspase-11 (caspase-4/5 in humans) and the subsequent non-canonical 
NLRP3 inflammasome activation [39,92]. Exacerbated caspase-11 and 
NLRP3 activation by elevated amounts of circulating LPS causes septic 
shock and death. Mice deficient on caspase-11 or GSDMD are indeed 
completely protected from sepsis, which is not the case of mice deficient 
on the LPS receptor TLR4 [36,40]. On the other hand, caspase-11 acti
vation has been shown to be important to defend the host against bac
terial infections [93]. 

Pathogens with pore-forming toxins such as Listeria monocytogenes or 
Vibrio Cholerae or their purified toxins such as Listeriolysin O and Cholera 
Toxin B (CTB) favor LPS entry to the cell [93]. In experimental condi
tions, purified LPS or LPG can be delivered into the cytosol using elec
troporation or transfection agents such as DOTAP, Lipofectamine or 
Fugene [92,94,95]. Moreover, the endogenous HMGB1 protein is able to 
bind LPS and deliver it to caspase-11 through the receptor for advanced 
glycation end-products (RAGE)-mediated internalization. Depletion of 
hepatocyte-released HMGB1 protected mice from both purified LPS- and 
bacteria-induced sepsis, suggesting that LPS requires binding to circu
lating HMGB1 to initiate lethal responses in vivo [96]. However, also 
whole bacteria and OMVs are able to enter the cell by endocytosis and 
escape towards the cytosol, likely helped by GBPs through a poorly 
understood mechanism [97,98]. 

Interestingly, LPS from other bacteria such as S. minnesota RE595, 
S. typhimurium, F. novicida, Y. pestis, C. rodentium and S. flexneri among 
others, are also activators of caspase-11 [36,93], whereas LPS from 
H. pylori or R. galegae inhibit caspase-11 activation induced by E. coli LPS 
[36]. This might be either an escape strategy of bacteria that have 
altered their LPS structure to avoid caspase-11 activation or a selective 

immune response of the host immune system. 
The polysaccharide moiety of LPS is not required for caspase-11 

activation by LPS since synthetic E. coli Lipid A, which is devoid of it, 
is able to activate [36]. However, the polysaccharide moiety becomes 
important for LPS transport to the cytosol. For instance, polysaccharide 
region is specifically bound by CTB, which is able to transport LPS from 
B4 but not B5 or B8 E. coli strains [36]. Therefore, a proper structure- 
activity relationship study must be conducted with electroporated 
lipid A to determine lipid A structural requirement for caspase-11/− 5/ 
− 4 activation and inhibition. The few studies conducted so far have 
shown that F. novicida and Y. pestis LPS lose their agonistic activity when 
modified to be tetra-acylated (Fig. 2), also the tetra-acylated LPS from 
H. pylori is an antagonist suggesting that caspase-11 is activated only by 
penta- and hexa- acylated LPS [95]. However, R. galegae LPS has five 
chains and is an antagonist of caspase-11, although one chain presents 
an OH group at ω-2 position which might decrease its hydrophobicity 
(Fig. 2). Moreover, the tetra-acylated F. novicida activates caspase-4 and 
the tetra-acylated LPS synthesis precursor lipid IVa is a weak activator of 
caspase-11 (Fig. 2) [36,99]. Furthermore, the modified tetra-acylated 
LPS from F. novicida, together with one acyl chain, lost the negatively 
charged phosphates group (Fig. 2) [95]. This might be responsible for 
the loss of activity. The lack of negatively charged phosphate groups also 
characterizes Lipid A from H. pylori and R. galegae LPS, which are 
caspase-11 antagonists (Fig. 2) [36]. Overall, this indicates a specific, 
not yet identified, structural requirement for LPS to activate or inhibit 
caspase-11/4/5 that may reside in both chains or polar heads of LPS 
Lipid A. Nevertheless, molecules with a very different structure from 
Lipid A like oxPAPC and LPG from Leishmania activate caspase-11, 
although their ability to bind caspase-11 has not been demonstrated 
and other non-identified molecules might be involved in the mechanism 
of caspase-11/4/5 activation [35,92]. 

Finally, it must be noted that whether LPS interact with caspase-11/ 
4/5 as a monomer, like it occurs for TLR4 [100], it is not known. LPS 
supramolecular organization in bacterial membrane, OMVs, liposomes 
or micelles might act as a platform for caspase-11/4/5 oligomerization 
[101,102]. In this case, the Lipid A polar head would mediate the 
binding, while the composition of acyl chain might affect the fluidity of 
the platform and then caspase-11/4/5 oligomerization and conforma
tion. Even the ability of LPS to interact with caspase-11/4/5 is a matter 
of debate. The interferon-induced guanylate-binding proteins (GBPs) are 
proposed to be the very first sensor of cytosolic LPS [94,97]. In epithelial 
cells, GBPs have been observed to bind LPS, surround bacteria and 
mediate caspase-4 recruitment and activation by transforming bacteria 
in a platform for activation [101,102]. However, IFN-γ signaling and 
GBPs enhance but are not necessary for caspase-11/− 4 activation by 
bacteria and transfection agents-delivered LPS in human and murine 
macrophages [97,103]. Like observed for CD14 and TLR4 [100], GBPs 
might favor LPS extraction from its membrane and its presentation to 
caspase-11/4/5. 

4.2. Ornithine lipids 

[104]OLs are components of bacteria such as Vibrio cholerae and 
Pseudomonas aeruginosa among others, whose synthesis increases when 
bacteria grow in a phosphorous-depleted medium, maintaining bacterial 
membrane integrity and pathogenicity in the absence of LPS [105–108]. 

Peritoneal murine macrophages stimulated with OL purified from 
A. xylosoxidans and from F. meningosepticum secreted TNFα and IL-1β 
[109,110]. However, these results contradicted another study that 
showed OL from F. meningosepticum as an inhibitor of LPS-induced im
mune response in vivo [111]. The use of synthetic OL by our group 
allowed to run out of LPS contamination, which might be present in 
bacteria-extracted OLs, and elucidated that OL is a partial TLR4 and 
NLRP3 inflammasome activator, which competes with LPS for binding 
its receptors, reducing LPS-induced immune response while inducing a 
weak activation when administered alone [104]. Preliminary results 
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Fig. 2. LPS lipid A structure determines its ability to activate (agonists) or inhibit (antagonists) caspase-11/4/5. Adapted from [36,95].  
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showed GSDMD cleavage induced by OL in murine macrophages from 
wild type and from NLRP3-deficient mice, but not from double knock- 
out Casp1/11− /− , which suggests that OL may activate caspase-11 and 
induce non-canonical NLRP3 inflammasome activation [104]. Interest
ingly, preparation of OL as nanoparticle in aqueous solution was 
important for the induction of IL-1β but not TNFα secretion, the latter 
being maintained by OL dissolved in organic solvents [109], suggesting 
a mechanism similar to crystal-induced NLRP3 activation. 

5. Activation of NLRP3 inflammasome by synthetic lipids 

5.1. Cationic lipids 

Cationic lipids are positively charged amphiphilic molecules made of 
a cationic polar head, a hydrophobic domain (comprising alkyl chains or 
cholesterol), and a linker connecting the polar head group with the 
nonpolar tail [112]. Cationic lipids may be permanently charged or 
acquire their charge at acid pH, the latter are usually less toxic and are 
also called ionizable lipids [113]. The pioneering work of Felgner [114] 
has opened the field of lipid-mediated delivery of hydrophilic molecules 
(nucleic acids, peptides and proteins). The ability of cationic lipid 
nanoparticles to transport proteins or transfect DNA and RNA can be 
exploited in gene therapy, anticancer or anti-viral immunotherapies, 
where intracellular delivery of an antigen, gene-editing tools, mRNA or 
silencing RNA can block or promote specific signals [113]. 

The identification of an efficient, safe and stable lipid nanoparticle 
(LNP) requires years of optimization and in vivo screening; however, 
once completed, the genetic cargo can be easily modified which makes 
of LNP an highly flexible tool. The use of a cationic lipid has been 
approved in 2018 for the treatment of hereditary transthyretin-mediated 
amyloidosis with siRNA (Onpattro) [115]. 

Cationic lipids have also been used as an efficient adjuvant for a DNA 
vaccine encoding glycoprotein 160 of human immunodeficiency virus 
type-1 (HIV-1) [116] for a prophylactic vaccine against dust mite allergy 
[117] and as an improved alum-based vaccine formulation enhancing 
adjuvant activity and the synthesis of antigen-specific immunoglobulins 
[118]. mRNA-containing LNPs that consist of a mixture of phospho
lipids, cholesterol, PEGylated lipids, and cationic or ionizable lipids 
initiate the production and release of IL-1 by NLRP3 inflammasome 
activation and have been exploited for two leading vaccines against 
coronavirus disease in 2019 (COVID-19) [113,119]. 

Safety and immunostimulatory effects have to be considered when 
developing cationic lipid-based nanoparticles for therapeutic applica
tions [113]. The identification of synthetic modifications for nucleic 
acid cargo has significantly reduced RNA-associated inflammation but 
an open eye has to be kept on the carrier. Cationic lipids were thought to 
be inert for the immune system but they are instead able to activate TLRs 
and in some cases the NLRP3 inflammasome [120–124]. Such an im
mune stimulation may be detrimental for gene therapy [113,125]. On 
the other hand, it is advantageous for making adjuvant-free vaccines 
[124]. 

LPN made with saturated ionizable lipids with chain length from C12 
to C18 and various geometry of polyamine head (lipopolyamines) are 
able to activate TLR4 and TLR2 receptors and at the same time to induce 
an NLRP3-dependent secretion of IL-1β in not-primed murine and 
human macrophages [122,124,126,127]. The TLR and inflammasome 
stimulations, together with the antigen transport, resulted in both hu
moral and cellular immunity in mice vaccinated against ovalbumin 
without the need of adjuvants [124]. 

A study from Li and co-workers evaluated the influence of the spacer 
in lysine type lipopolyamines on NLRP3 activation. C14 lipids with a 
spacer of 5 (Lys5C14) or 7 (Lys7C14) induced the most potent NLRP3- 
and caspase1-dependent IL-1β release after 18 h of incubation with 
primed THP1 or primary human macrophages differentiated from 
human blood monocytes. The most active lipids in activating the NLRP3 
inflammasome were also the best internalized by the cells and induced a 

lysosomal rupture, probably responsible for NLRP3 activation, whereas 
no ROS production was observed [127]. LDH release from transfected 
cells was modest and induced after longer timing of stimulation. Lipids 
that did not induce IL-1β release still induce LDH release, suggesting an 
NLRP3-independent toxicity of the lipids [127]. 

Lys3C16, which differs from Lys3C14 just for a change in hydro
phobic tail length by two hydrocarbons, is still able to induce IL-1β 
release in a NLRP3- and caspase-1-dependent manner [126]. However, 
phagocytosis inhibition blocked both silica particles- and Lys3C14- but 
not Lys3C16-induced IL-1β release [126,127]. Lys3C16 did not induce 
lysosomal rupture and localized with the plasma membrane indicating a 
different but not yet identified mechanism of NLRP3 inflammasome 
activation with respect to Lys3C14 lipid [126]. 

Recent results demonstrate that several LPN containing ionizable/ 
cationic lipids are highly inflammatory and possibly cytotoxic [128]. 
Side effects and symptoms observed in humans after LNP injection might 
be a consequence of the inflammatory response triggered by the pro
duction of cytokines such as IL-1β and IL-6 [129]. A better under
standing of the structural requirements for immunostimulatory effect of 
cationic/ionizable lipids will contribute to get a balance between in
flammatory and adjuvant properties. Intriguingly, saturated ionizable 
amino lipids are in the formulation of adjuvant-free vaccines such as the 
one used for the SARS-CoV-2 [113]. Whether these cationic lipids acti
vate the innate immune system and the NLRP3 inflammasome, pre
senting adjuvanticity function, is an open question that surely merits 
further investigation. 

6. Conclusion and open questions 

Some of the best-characterized activators of innate immunity are 
lipids, such as the Gram-negative bacterial cell wall component (LPS). 
The present review highlights how endogenous host-derived lipids 
(oxidized lipids, cholesterol, cardiolipin, phosphatidylinositol-4- 
phosphate, fatty acids) and also synthetic lipids (cationic and ioniz
able lipids) regulate inflammasome activation and how it leads to the 
progression of inflammatory diseases. 

Membrane proteins are usually surrounded by an annulus of lipid 
molecules that provide a tight protein packing into the lipid membrane. 
Both lipid packing and nature of the lipid contribute to regulate the 
protein activity. The fluidity and the thickness of the lipid membrane 
modulate the protein activity but some specific lipids (non-annular 
lipids) can achieve tight and specific interactions with the protein and 
act as cofactors essential to protein function [130]. In both cases such 
interaction requires that protein and lipid come in close contact. How
ever this dogmatical view does not explain how and why the activity of a 
lipid-free multimeric structure located in the cytosol is regulated by 
endogenous lipids. 

The lipid-regulation of NLRP3 inflammasome reveals a new mech
anism in which the activated protein cannot find the specific lipid in its 
own membrane, as described for most membrane proteins, but has to 
interact with neighbor membranes (mitochondria, TGN, ER) to find it. 
Such a spatially regulated process brings in contact specific lipids (car
diolipin, PI4P, cholesterol) with the NLRP3 inflammasome. For instance, 
association with the ER allows NLRP3 to bind the cholesterol required 
for its activity. On the other hand, lipids such as PI4P or CL recruit the 
NLRP3 to a location required for its activity or for interaction with 
caspase-1 and ASC. It must be noted that not all the described models fit 
together and further investigation, paraphs with improved methods for 
membrane purification, is needed. Finally, accumulation of oxidized 
lipids (oxPAPC, oxLDL) into the cytosol are observed in pathogenic 
conditions. These lipids are able to activate the NLRP3 inflammasome 
independently of the presence of canonical stimuli, causing an exacer
bated activation of the immune system and inflammatory diseases. 

Regulation of the innate signaling pathways of cytosolic proteins by 
cell membranes and lipid-protein interactions can be spatially and 
temporally regulated and opens a new field of investigation that has 
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been largely overlooked. Deciphering the role of lipids in inflammasome 
activation will undoubtedly contribute to the development of thera
peutics to limit inflammation-related pathologies and to get a balance 
between inflammatory and adjuvant properties in vaccines. 
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21081/PDC/19 and 0003/COVI/20, the EU Horizon 2020 project 
PlasticHeal (grant 965196) and European Research Council grant ERC- 
2019-PoC 899636. 

Declaration of Competing Interest 

PP declares that he is an inventor in a patent (PCT/EP2020/056729), 
co-founder of Viva in vitro diagnostics SL and consultant of Glenmark 
Pharmaceuticals. The other authors declare no competing interests. 

Data availability 

Data will be made available on request. 

References 

[1] Mariathasan S, Weiss DS, Newton K, McBride J, O’Rourke K, Roose-Girma M, 
et al. Cryopyrin activates the inflammasome in response to toxins and ATP. 
Nature 2006;440:228–32. https://doi.org/10.1038/nature04515. 

[2] Mayor A, Tardivel A, Martinon F, Pe V, Pétrilli V, Mayor A, et al. Gout-associated 
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Bratkovič I, Oliva B, et al. Sensing low intracellular potassium by NLRP3 results in 
a stable open structure that promotes inflammasome activation. Sci. Adv. 2021;7. 
https://doi.org/10.1126/sciadv.abf4468. 

[13] Di A, Xiong S, Ye Z, Malireddi RKS, Kometani S, Zhong M, et al. The TWIK2 
potassium Efflux Channel in macrophages mediates NLRP3 Inflammasome- 
induced inflammation. Immunity 2018;49:56–65.e4. https://doi.org/10.1016/J. 
IMMUNI.2018.04.032/ATTACHMENT/8AC7A927-EB8A-4FEA-86D6- 
9B17F81F3326/MMC1.PDF. 

[14] Pelegrin P. P2X7 receptor and the NLRP3 inflammasome: partners in crime. 
Biochem. Pharmacol. 2021;187:114385. https://doi.org/10.1016/J. 
BCP.2020.114385. 
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