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A B S T R A C T   

The NLRP3 inflammasome is a vital part of the innate immune response, whilst its aberrant activation drives the 
progression of a number of non-communicable diseases. Thus, NLRP3 inflammasome assembly must be tightly 
controlled at several checkpoints. The priming step of NLRP3 inflammasome activation is associated with 
increased NLRP3 gene expression, as well as post-translational modifications that control NLRP3 levels and 
licence the NLRP3 protein for inflammasome assembly. Increasing life expectancy in modern society is accom-
panied by a growing percentage of elderly individuals. The process of aging is associated with chronic inflam-
mation that drives and/or worsens a range of age related non-communicable conditions. The NLRP3 
inflammasome is known to contribute to pathological inflammation in many settings, but the mechanisms that 
prime NLRP3 for activation throughout aging and related co-morbidities have not been extensively reviewed. 
Here we dissect the biochemical changes that occur during aging and the pathogenesis of age related diseases and 
analyse the mechanisms by which they prime the NLRP3 inflammasome, thus exacerbating inflammation.   

1. Introduction 

The innate immune system is our first line of defence against 
invading pathogens and is activated by pathogen and damage signals. To 
orchestrate an appropriate response, pattern-recognition receptors 
(PRRs) recognise pathogen-associated molecular patterns (PAMPs) or 
damage-associated molecular patterns (DAMPs) and mediate down-
stream inflammatory pathways [1]. Inflammasomes are multiprotein 
complexes in immune cells. The best studied inflammasome contains the 
sensor (NOD)-like receptor protein 3 (NLRP3), as well as an adaptor 
protein: apoptosis-associated speck-like protein containing a CARD 
(ASC) and the effector enzyme caspase-1. The current dogma in the field 
is that canonical NLRP3 inflammasome activation is a two-step process: 
priming (step 1) and activation (step 2) [2] (Fig. 1A). Priming is 
considered essential for expression of the NLRP3 gene, as well as the 
caspase-1 substrate pro-interleukin (IL)-1β that otherwise has low 
expression [3]. Priming also involves a range of post-translational 
modifications (PTMs) to NLRP3 that ‘licence’ the protein by allowing 
it to form the correct conformation for self-oligomerisation/ interaction 
with ASC to enable inflammasome assembly [4] or rescue it from 
degradation [5]. NLRP3 is able to respond to a range of activating 

stimuli including nigericin toxin, extracellular adenosine triphosphate 
(ATP), as well as lysosomal destabilisation agents such as silica and 
cholesterol crystals [6]. Upon inflammasome activation, oligomerised 
NLRP3 polymerises the adaptor protein ASC, recruiting pro-caspase-1, 
which undergoes proximity-dependent auto-activation and as a result 
cleaves pro-IL-1β and constitutively expressed pro-IL-18 into their 
mature forms. Concurrently, activated caspase-1 causes the cleavage of 
gasdermin-D (GSDMD) into N-terminal fragments that form lytic pores, 
thus targeting the cell for pyroptotic cell death and facilitating the 
release of mature IL-1β and IL-18 [7]. An alternative NLRP3 inflam-
masome has also been described in human monocytes, where prolonged 
exposure to priming signals can induce the release of IL-1β [8]. Through 
the binding to receptors on other cells, IL-1β and IL-18 initiate and 
propagate inflammatory responses to clear the threat. However, their 
aberrant release is responsible for the pathogenesis of a range of 
non-communicable diseases [9]. Indeed, the NLRP3 inflammasome is 
strongly linked to a range of age related ailments, including metabolic 
disorders and neurodegenerative diseases [10]. Mice deficient in NLRP3 
have increased longevity and show reduced signs of aging e.g. thymic 
involution, inflammation and functional decline [11]. Here we review 
the different mechanisms of NLRP3 priming by gene upregulation and 
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licencing by PTMs and focus on how these priming signals contribute to 
the pathogenesis of age related non-communicable diseases. 

1.1. Transcriptional regulation of NLRP3 by priming signals 

NLRP3 responds to a broad repertoire of stimuli, allowing it to 
combat a range of viral and bacterial infections such as adenovirus, 
influenza, Staphylococcus aureus, Salmonella typhimurium, Listeria mono-
cytogenes and Mycobacterium [12]. These pathogenic stimuli are able to 
enhance NLRP3 inflammasome activation by upregulating its gene 
expression. In certain cells, de novo protein synthesis of NLRP3 in 
response to toll like receptor (TLR) agonists is required for NLRP3 
activation. The engagement of TLR -2,-3,-4 and -7 by Pam3CysK4, Poly 
(I:C), LPS and R848 respectively has been described to upregulate 
NLRP3 expression through nuclear factor-κB (NF-κB) pathways, a step 
that is essential for subsequent NLRP3 activation in macrophages [3]. 
This overcomes the low protein levels of NLRP3 that are thought to limit 

its activation [13]. However, NLRP3 activation can also occur in the 
absence of infection. For example, IL-1α is an alarmin secreted by 
damaged cells, which through IL-1R1 can engage NF-κB dependent gene 
expression via MyD88 [14]. Similarly, tumour necrosis factor (TNF)-α 
acts through its receptor to prime NLRP3 for activation in macrophages, 
independently of MyD88 [15]. IL-1β is not constitutively expressed but 
contains a functional NF-κB binding site, allowing it to be strongly 
upregulated by NF-κB signalling. As IL-1β is an inducer of NF-κB sig-
nalling downstream of IL-1R1, a positive autoregulatory loop is created, 
allowing IL-1β to potentially prime cells in a paracrine manner [16] 
(Fig. 1B). Overall, the NF-κB binding site on the NLRP3 promoter is well 
characterised and converges many inputs from different priming factors 
to upregulate NLRP3 expression [3]. Other transcription factors such as 
Sp1, c-Myb, AP-1, and c-Ets [17], as well as sterol regulatory 
element-binding transcription factor 2 (SREBP2) [18] have been sug-
gested to contribute to NLRP3 expression. Given the diversity of signals 
that prime NLRP3 inflammasome, it is not surprising that multiple 

Fig. 1. Recognition of sterile inflammatory factors by innate cell surface receptors primes NLRP3 for inflammasome activation. A. Sensing of priming signals regulate 
NLRP3 at different levels 1) transcriptional, 2) post-transcriptional and 3) post-translational prior to the second or activating step. Nuclear factor-κB (NF-κB); reactive 
oxygen species (ROS); sensor (NOD)-like receptor protein 3 (NLRP3); apoptosis-associated speck-like protein containing a CARD (ASC); Interleukin (IL); triste-
traprolin (TTP). B. Sterile priming stimuli act upon a wide variety of cell surface receptors, with the same stimuli being able to target different receptors. Sphingosine- 
1-phosphate (S1P) receptor 1 (S1PR1); advanced glycation end product (AGE); receptor for AGEs (RAGE); free fatty acid (FFA); oxidised low density lipoprotein 
(oxLDL); toll like receptor 4 (TLR4); serum amyloid A (SAA); cluster of differentiation 36 (CD36); saturated fatty acid (SFA); toll like receptor 2 (TLR2); complement 
component 5a (C5a) receptor (C5aR); Interleukin-6 (IL-6) receptor (IL-6R); Interleukin-1 (IL-1) receptor 1 (IL-1R1); tumour necrosis factor-α (TNF-α) receptor 
1 (TNFR1). 
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transcription factors can bind and regulate expression of the NLRP3 
gene, leading to the common outcome of increased transcription. 

1.2. NLRP3 post-transcriptional regulation in response to priming signals 

Tight regulation of NLRP3 is also apparent at the post-trancriptional 
level. The NLRP3 gene undergoes alternative splicing in the 5′-un-
translated region (UTR) to generate three alternative splice forms, which 
have varying levels of promoter activity that exist within the human 
population [17]. The SNP (− 1064 T) has been found in the NLRP3 gene 
of a mutation negative familial cold autoinflammatory syndrome (FCAS) 
patient. A construct with this SNP displayed significantly higher pro-
moter activity [17], suggesting that increased NLRP3 expression is 
associated with an inflammatory disease phenotype that is independent 
of the well known NLRP3 gain of function mutations. It has been pro-
posed that different cytokine milliue can differentially effect the 
expression of these isoforms, although the effect on inflammasome 
activation has not been explored. Alternative splicing further regulates 
the Leucine-rich repeat (LRR) domain of NLRP3 to generate a full length 
variant or one lacking exon 5 [19]. The isoform that lacks exon 5 loses an 
ability to bind NIMA-related kinase 7 (NEK7), which has recently been 
described as a factor for NLRP3 priming [20]. However, whether 
alternative splicing affects the ability of the cells to be primed has not 
been investigated. 

Epigenetic modifications modulate gene activity without altering the 
DNA sequence [21] and are implicated in NLRP3 regulation through 
methylation and acetylation. For example, following Mycobacterium 
tuberculosis infection, the promoter region of the human NLRP3 gene is 
de-methylated, increasing NLRP3 expression and enhancing inflamma-
some activation [22]. 

It is becoming increasingly evident that innate immune mediators 
are also subjected to regulation by non-coding RNAs [21]. MicroRNAs 
(miRNAs) bind to the UTRs of transcripts to control mRNA stability and 
translation. miRNAs are often negative feedback mediators of the innate 
immune system by targetting a range signalling molecules downstream 
of TLR4 [23]. miR-223 has been described to suppress NLRP3 expression 
by binding to a conserved site in the 3′UTR of NLRP3, resulting in 
decreased inflammasome assembly [24]. miR-223 expression is consti-
tutively high in NLRP3 inflammasome forming cells [24]. However, it 
has been revealed that miR-223 is upregulated in the blood and lung 
parenchyma of tuberculosis patients. It is therefore possible that priming 
signals mediate the levels of miRNAs that post-transcriptionally regulate 
NLRP3 (Fig. 1A). Viruses are known to exploit this machinery to inhibit 
the inflammasome, facilitating their own reproduction [25]. For 
instance, Epstein-Barr Virus (EBV) produces miR-BART15 that targets 
the same region as miR-223 to suppress inflammasome activation [26]. 
It has been recently revealed that the RNA binding protein Triste-
traprolin (TTP) targets the AU-rich element of human NLRP3 3′UTR to 
repress NLRP3 expression, whilst knocking down TTP makes NLRP3 
more sensitive to priming signals such as LPS and enhances the 
inflammasome response [27]. The same study reports alternative poly-
adenylation of NLRP3, producing a short 3′UTR isoform lacking TTP and 
miRNA-223 binding sites. 

1.3. NLRP3 post-translational regulation in response to priming signals 

As well as regulation by transcriptional and post-transcriptional 
mechanisms, NLRP3 is subjected to PTMs [4]. The addition/removal 
of various low weight molecular groups can modulate protein folding, 
stability, localisation and interaction with other proteins [28]. A number 
of PTMs have been proposed to regulate the NLRP3 inflammasome both 
at the priming and the activation step. Here we will focus on the NLRP3 
control triggered by priming signals. Regulation of NLRP3 PTMs trig-
gered by the activation step such as phosphorylation or ubiquitination 
have been previously extensively reviewed [29,30]. 

The post-translational regulation of NLRP3, mediated by priming 

signals, licences NLRP3 for subsequent activation by signal 2. For 
example, JNK1 mediates the phosphorylation of NLRP3 at Ser194 
following LPS priming, promoting NLRP3 deubiquitination, self- 
association and inflammasome assembly [31]. The same can be said 
for changes in the ubiquitination status of NLRP3. Following a sub-lethal 
dose of LPS, E3 ligases RNF125 and Cbl-b sequentially polyubiqutinate 
NLRP3. RNF125 initiates K63 linked ubiquitination of the LRR domain, 
which is then bound by Cbl-b for K48 ubiquitination and degradation of 
NLRP3 by the proteasome. This prevents endotoxemia via NLRP3 and 
caspase-11 (non-canonical) dependent mechanisms [32]. The ubiquitin 
modifying enzyme A20 is a NF-κB inhibitor and also functions to restrict 
spontaneous NLRP3 inflammasome activation. In A20 deficient macro-
phages, NLRP3 assembles an active inflammasome in response to LPS 
alone in a RIPK3 dependent manner, thus losing its requirement for 
signal 2. In LPS treated macrophages, A20 was seen to form a complex 
with caspase-1, caspase-8, RIPK1, RIPK3, whilst in the absence of A20, 
these enzymes show increased association with pro-IL-1β [33]. On the 
other hand, E3 ubiquitin ligase Pellino2 promotes NLRP3 ubiquitination 
during the priming step and is required for inflammasome activation 
independently of mediating degradation [34] (Fig. 1A). Moreover, short 
LPS priming, through mechanisms independent of gene transcription, 
has been reported to deubiquitinate NLRP3 and licence it for inflam-
masome activation in bone marrow derived macrophages (BMDM)s 
[13]. These studies highlight that NLRP3 is regulated by PTMs as a 
consequence of priming signals, which is critical for inflammasome 
assembly. 

Other PTMs have emerged as regulators of NLRP3 licencing, 
including acetylation. Acetylation of NLRP3 at K24 by the histone ace-
tyltransferase KAT5 has been suggested to facilitate NLRP3 self- 
oligomerisation following treatment with inflammasome activators 
[35]. Moreover, inhibiting KAT5 activity blocks inflammasome derived 
IL-1β production in vivo. During aging, there is a decreased expression of 
the deacetylase sirtuin (SIRT)2. This enzyme has been shown to modify 
the NLRP3 protein by removing acetyl groups from K21 and K22, thus 
preventing NLRP3-NLRP3 and NLRP3-ASC interactions and inflamma-
some assembly [36]. Therefore, intrinsic changes in gene expression 
associated with aging lift the negative regulation of NLRP3 and licence it 
for inflammasome assembly. 

2. Aging Associated Priming 

The process of aging is associated with an increase in chronic, low 
grade inflammation that is referred to as inflammaging [37]. This 
manifests itself in enhanced severity of non-communicable conditions 
associated with aging e.g. neuroinflammatory disorders such as Alz-
heimer’s and Parkinson’s, cancer and cardiovascular diseases (CVD) 
such as atherosclerosis and diabetes (Fig. 2). The western diet and an 
increased incidence of obesity only add to the problem of chronic 
inflammation and multi-morbidity in the aging population [38]. 

Throughout the course of aging, the immune system becomes 
increasingly dysregulated. Some immune functions are decreased, for 
example macrophages from aged mice have a reduced ability to 
phagocytose necrotic cells, in comparison to those from young mice 
[39]. Moreover, human PBMCs from elderly donors display significantly 
lower autophagic markers [40], whilst overexpressing autophagosome 
formation protein Atg5 in mice extends lifespan compared to WT mice 
[41]. Decreased autophagy is believed to impair the ability to clear 
misfolded proteins and damaged organelles with age. In addition to 
impeded beneficial functions, aging is intimately associated with an 
inflamed state driven by cellular senescence [42], mitochondrial 
dysfunction and oxidative stress [43] and disease specific mediators 
such as saturated fatty acids, advanced glycation end products, oxidised 
low density lipoprotein (LDL), amyloid-β and α-synuclein that prime the 
NLRP3 inflammasome via various mechanisms (Fig. 1B). Aging also 
correlates with altered composition of the microbial community, 
resulting in intestinal ‘leakage’, inflammation and reduced macrophage 
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function [44]. This was found to be mediated by high levels of TNF-α, a 
cytokine known to prime NLRP3. Moreover, aged mice have signifi-
cantly higher levels of the bacterial cell wall component muramyl 
dipeptide (MDP) in the plasma [44], suggesting that PAMPs enter the 
circulation and may therefore prime for inflammasome activation. The 
levels of miRNAs that negatively regulate inflammatory pathways e.g. 
miR-223, which supress NLRP3 translation [24], increase with age [45] 
in an attempt to compensate for the accelerated inflammation during the 
progression of aging. 

2.1. Senescence associated secretory phenotype 

Aging is associated with, and may even be driven by, an accumula-
tion of senescent cells [46]. Senescent cells are permanently arrested in 
the G1 or G2/M phase of the cell cycle. Stopping cell division after a 
certain number of cycles plays an important role in preventing malig-
nant transformation [47]. Nevertheless, these cells remain metabolically 
active, and gain a secretory phenotype, termed the sen-
escence-associated secretory phenotype (SASP) that is overall 
pro-inflammatory. For example, persistent DNA damage or late passage 
induced senescent cells secrete large amounts of pro-inflammatory cy-
tokines IL-6 and IL-8 [48]. Innate immunity plays a role in mediating 
senescence. The cGAS-STING pathway is important for recognising 
foreign DNA in innate immunity, but is also essential for DNA damage 
induced senescence and the expression of inflammatory mediators [49]. 
It has been reported that oxidative stress induced senescence, via 
cGAS-STING, activates NF-κB and drives NF-κB dependent genes such as 
IL-1β and IL-6 [50]. Indeed, NF-κB subunit p65 accumulates on the 
chromatin of senescent cells and is a master regulator of SASP related 
genes [51]. 

Various inflammatory intercellular signalling pathways initiated by 
SASP have been described. These include paracrine effects on neigh-
bouring cells, orchestrated by IL-6 and IL-8 [52]. For example, studies 
have shown that IL-6 is sufficient to prime neutrophils for subsequent 
inflammasome activation with monosodium urate (MSU) [53]. A major 

cell type attracted by secretory factors from SASP cells are macrophages 
[54]. Although it has not been reported, it would make sense that 
pro-inflammatory cytokines from SASP cells recruit macrophages and 
prime the NLRP3 inflammasome. In murine lungs, aging significantly 
increases NLRP3, ASC, IL-1β and IL-18 expression [55]. The same study 
also used co-immunoprecipitation to reveal increased interaction be-
tween NLRP3 and ASC in lung homogenates of aged mice compared to 
young mice following reactive oxygen species (ROS) induced lung 
injury. IL-1β and IL-18 secretion is also increased in aged mice and is 
dependent on NLRP3. Moreover, NLRP3 deficiency protects mice from 
lung injury and fibrosis. In this context, macrophages from aged lungs 
showed elevated levels of mitochondrial ROS production, and treatment 
with mitoTEMPO, a mitochondrial targeted antioxidant, resulted in a 
significant decrease in IL-1β and IL-18 production in both young and 
aged macrophages [55]. As well as senescence associated macrophages, 
senescent fibroblasts themselves have been described to show increased 
expression of NLRP3 inflammasome components and also caspase-1 
activation. Additionally, caspase-1 inhibition partially inhibited cell 
cycle arrest, whilst IL-1R1 inhibition did so fully, suggesting that IL-1β 
plays a role in reinforcing senescence and also highlights the role of 
IL-1α [56]. Taken together, this evidence suggests that aging associated 
SASP and oxidative stress provide mechanisms for both NLRP3 inflam-
masome priming and activation. 

2.2. Obesity and associated diseases 

The increasing incidence of obesity and complications associated 
with this disease account for a large proportion of the health burden in 
the western world [57]. Abdominal obesity, insulin resistance, hyper-
tension, and hyperlipidemia are all characteristics of the metabolic 
syndrome, which is a major risk factor for the development of diabetes 
and cardiovascular complications such as atherosclerosis [58]. The 
incidence of metabolic syndrome is strongly correlated with age [59]. 
Indeed, aging is accompanied by a redistribution of body fat to the 
viscera [60], as well as an increase in systolic blood pressure (SBP), total 

Fig. 2. Biological changes that occur during inflammaging and the pathogenesis of age-related diseases and how these potentiate the NLRP3 inflammasome response. 
Nuclear factor-κB (NF-κB); reactive oxygen species (ROS); sensor (NOD)-like receptor protein 3 (NLRP3); apoptosis-associated speck-like protein containing a CARD 
(ASC); complement component 5a (C5a); serum amyloid A (SAA); low density lipoprotein (LDL); cluster of differentiation 36 (CD36); senescence associated secretory 
phenotype (SASP); sphingosine-1-phosphate (S1P); tumour growth factor-β (TGF-β); advanced glycation end product (AGE); sirtuin 2 (SIRT2). 
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cholesterol (TC), and fasting plasma glucose (FPG) [61] (Fig. 2). 
In the pathogenesis of obesity, the growing body of adipose tissue 

undergoes metabolic, endocrine and immune changes. Excess nutrient 
availability is an initiator of mitochondrial dysfunction and ROS pro-
duction [62]. In addition to this, aging too leads to an increase in 
mitochondrial DNA deletions [63], mitochondrial dysfunction and 
enhanced ROS generation [43]. Moreover, aging is associated with 
decreased expression of miRNA processing machinery in adipose tissue, 
for example Dicer. Knocking down Dicer in animal models causes 
increased sensitivity to oxidative stress and even reduces lifespan of the 
animals [64]. The effect of excess ROS on oxidative stress and subse-
quent inflammation is extensively described [43]. As well as facilitating 
step 2 of canonical NLRP3 inflammasome activation, ROS have emerged 
as a mediator of NLRP3 priming. In immortalised macrophages, NLRP3 
expression requires priming by PAMPs such as LPS. In this setting, ROS 
inhibition dose-dependently inhibits the expression of NLRP3 and also 
prevents inflammasome activation when ROS is inhibited prior to LPS 
priming [65]. Obesity is also characterised by a chronic hypoxic state. 
Hypoxia, through NADPH oxidase function, leads to elevated ROS pro-
duction [66] and can directly engage NF-κB gene expression and prime 
NLRP3 for inflammasome activation [67]. Macrophages subjected to 
hypoxia increase NLRP3 expression and prevent IL-1β from autophagic 
degradation, making hypoxic macrophages secrete higher levels of IL-1β 
[68]. Thus, both obesity and aging converge at the level of enhanced 
ROS production and associated inflammation, resulting in NLRP3 
upregulation as well as inflammasome activation in a sterile setting. 

2.2.1. Diabetes mellitus 
Obesity has strong implications in pancreatic β-cell dysfunction and 

insulin resistance that manifest as diabetes mellitus (DM) [69]. The 
increasing incidence of diabetes in the aging population is correlated 
with early onset of disability and mortability [70]. The biochemical 
changes that occur as a consequence of excess nutritition, insulin 
resistance and aging have been shown to mediate NLRP3 priming via 
various mechanisms (Fig. 2). 

Aged mice exhibit enhanced TNF-α production that increases NLRP3 
expression. As a result, aged mice show caspase-1 activation in myeloid 
cells within the adipose tissue, as well as enhanced serum IL-18 and 
impaired glucose tolerance [71]. Adipose associated macrophages in-
crease in numbers in obese individuals and are the primary source of 
elevated pro-inflammatory factors such as TNF-α, iNOS and IL-6 [72]. 
The levels of free fatty acids (FFA) are elevated in obesity and have 
major signalling roles in obesity associated inflammation and insulin 
resistance [73]. FFAs activate NF-κB signalling, increasing TNF-α and 
IL-6 expression in both macrophages and adipocytes in a TLR4 depen-
dent mechanism [74]. The same study reported that TLR4 deficiency 
protects mice from high fat diet (HFD) induced insulin resistance. 
Therefore, obesity associated FFAs create an inflammatory environment 
within adipose tissue and likely prime inflammasome components. 
Indeed, macrophages isolated from mice on a HFD showed increased 
IL-18, IL-1β and caspase-1 expression. Adipocytes co-cultured with these 
macrophages in vitro showed upregulated NLRP3 gene expression [75]. 
HFD rich in saturated fatty acid (SFA) also significantly upregulates 
NLRP3, caspase-1 and IL-1β expression in murine adipose tissue and 
primes the inflammasome for activation following ATP treatment [76]. 
Palmitic acid is a major dietary SFA that has been reported to cause the 
dimerization of TLR1 and TLR2, leading to increased pro-IL-1β expres-
sion, but also caspase-1 activation and IL-1β release from THP-1 cells 
and primary human monocytes [77]. 

As well as forming the canonical inflammasome, human monocytes 
can assemble an alternative inflammasome in response to prolonged 
TLR stimulation alone [8]. Apolipoprotein C3 (ApoC3) secretion is 
elevated in patients with type II diabetes [78] and its overexpression 
results in decreased adipose lipolysis and increased fatty acid uptake by 
adipose depots [79]. It was recently revealed that ApoC3 can activate 
the alternative NLRP3 inflammasome through the dimerization of TLR2 

and TLR4 [80]. This results in IL-1β release but no GSDMD cleavage and 
pyroptosis, which are not features of the alternative inflammasome. 
Although no pyroptosis occurred in monocytes, ApoC3-mediated 
monocyte activation exacerbated kidney damage after unilateral ure-
ter ligation. This study emphasises the importance of characterising the 
NLRP3 response in sterile diseases, where disease derived factors may 
prime and/or activate the canonical inflammasome or engage the 
alternative inflammasome. 

Advanced glycation end products (AGEs) arise as a result of non- 
enzymatic glycation of plasma proteins due to hyperglycaemia [81]. 
Although AGEs accumulate during normal aging, their production is 
greatly increased in individuals suffering from obesity and diabetes 
[82]. Treatment of BV2 microglial cells with AGEs results in the acti-
vation of RAGE-ROCK-NF-κB pathway and the upregulation of NLRP3 
expression [83]. Exposure to AGEs also leads to significant ROS pro-
duction, which is a known activator of NLRP3 inflammasome, although 
this was not explored. A different study reports that mice administered 
with AGEs exhibit increased islet β-cell apoptosis and pancreatic dam-
age, resulting in decreased glucose tolerance. These effects were 
ameliorated in NLRP3 KO mice, suggesting that NLRP3 inflammasome 
activation bridges the association between AGEs and pancreatic 
dysfunction. Moreover, pancreatic caspase-1 activation was blocked 
with ROS inhibitor, once again highlighting the role of ROS in inflam-
masome activation [84]. 

Serum amyloid A (SAA) is a liver derived acute phase protein which 
has been found to have immunological activity [85]. SAA levels posi-
tively correlate with aging [86] as well as the incidence of type II dia-
betes [87]. SAA causes a dose-dependent increase in IL-1β expression 
and primes the NLRP3 inflammasome for further activation with DAMPs 
in cultured mixed glia [88]. The priming functions of SAA are mediated 
by TLR2, TLR4 and CD36, as blocking these receptors lowers IL-1β gene 
expression [89]. The direct priming of NLRP3 by upregulating its tran-
scription was shown in macrophages [90]. As well as priming, SAA is 
able to signal through the ATP receptor P2X7 [89] to induce intracellular 
ROS and cathepsin-B mediated NLRP3 inflammasome activation and 
IL-1β secretion [90]. 

It has recently been reported that NLRP3 is modified by acetylation 
and is deacetylated by SIRT2, which prevents NLRP3 inflammasome 
activation [36]. SIRT2 mediated deacetylation of NLRP3 inhibits aging 
and HFD associated inflammation and insulin resistance in vivo. How-
ever, the expression of SIRT2 decreases with age, allowing inflamma-
some mediated inflammation to persist [36]. This adds to the evidence 
that NLRP3 licencing by PTMs regulates its activation in vivo and sug-
gests that the landscape of NLRP3 regulating enzymes changes with age, 
facilitating inflammasome activation. 

2.2.2. Atherosclerosis 
Atherosclerosis is characterised by the accumulation of lipids and 

fibrous matter in the vasculature. Although atherosclerosis is largely a 
consequence of chronic vascular injury caused by elavated cholesterol, it 
has been suggested that age dependent loss of bone marrow derived 
vascular progenitor cells exacerbates this disease [91]. The profound 
inflammatory response including leukocyte recruitment and 
pro-inflammatory cytokine production [92] also plays a key role in 
disease progression. In particular, TNFR1 has been identified as a key 
mediator of aging dependent atherosclerosis in mice, whilst SNPs in 
human TNFR1 are significantly associated with CVD in elderly patients 
[93]. 

Although the NLRP3 inflammasome has been implicated in the pa-
thology of atherosclerosis, disease manifestation in germ free mice is no 
different to normally housed mice, suggesting sterile priming and acti-
vation of the inflammasome [94]. Circulating cholesterol, specifically 
LDL, is correlated with disease severity and its oxidation (esterification 
or lipid peroxidation) initiates many of the inflammatory pathways 
[95]. CD36 is a scavenger receptor present in monocytes, macrophages, 
endothelial cells and adipocytes. Upon the recognition of oxLDL, CD36 
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functions to initiate foam cell formation and a number of intracellular 
cascades [96]. CD36 has been reported to prime the NLRP3 inflamma-
some in vivo [97]. Specifically, oxLDL upregulates IL-1β and NLRP3 gene 
expression, which does not occur in CD36, TLR4 or TLR6 KO macro-
phages. As well as priming, oxLDL can act as signal 2 for NLRP3 
inflammasome activation. Apolipoprotein E (ApoE) KO mice fed a 
western diet have elevated IL-1β and IL-18 serum levels, as well as 
caspase-1 activation in plaques, which is significantly lowered in CD36, 
TLR4 and TLR6 KO. Therefore, CD36 complexed with TLR4 and TLR6 
mediates both oxLDL induced priming and NLRP3 inflammasome acti-
vation [97]. Interestingly, whilst NLRP3 deficiency in ApoE KO mice 
does not reverse atherosclerosis progression [98], NLRP3 mediates 
systemic inflammation and pathogenesis in LDL receptor KO mice that 
are fed a western diet [99]. However, caspase-1/11 deficiency decreases 
the size of atherosclerotic lesions in mice as demonstrated by various 
studies [100]. Moreover, targeting IL-1β with canakinumab was shown 
to significantly lower the rate of recurrent cardiovascular events as part 
of the The Canakinumab Anti-inflammatory Thrombosis Outcome Study 
(CANTOS) trial [101]. 

Cholesterol crystals that appear in early atherosclerotic lesions can 
activate the NLRP3 inflammasome, causing caspase-1 cleavage and mIL- 
1β release in a process associated with lysosomal rupture [102]. The 
authors of this study went on to show neutrophil recruitment and the 
development of atherosclerotic lesions was dependent on IL-1, as well as 
NLRP3 and ASC in vivo. Another study reported that cholesterol crystals 
act as a priming signal by upregulating NLRP3, caspase-1 and IL-1β gene 
expression in primary human macrophages and even cause modest 
mIL-1β release in the absence of LPS [103]. Calcification of vasculature 
also plays a role in NLRP3 priming. Rat vascular smooth muscle cells 
(VSMC) that undergo calcium deposition following β-Glycerophosphate 
treatment have time dependent increase in expression of NLRP3, ASC 
and caspase-1 which was accompanied by caspase-1 cleavage and IL-1β 
release, suggesting that calcification can also activate the inflammasome 
[104]. 

Atherosclerosis is also mediated by the complement system. The 
complement component C5a is a highly inflammatory peptide that fa-
cilitates immune cell attraction, phagocyte activation and the release of 
oxidants and granule based enzymes [105]. Interestingly, the levels of 
circulating C5a become increased during normal aging [106]. In 
atherosclerosis, C5a induces acute complications such as plaque dis-
ruptions [107]. Cholesterol crystals employ C5a to upregulate pro-IL-1β 
and also cause complement dependent production of ROS that activates 
caspase-1, facilitating IL-1β maturation and release [108]. Whilst C5a 
enhances LPS induced expression of IL-1β in monocytes via p38, C5a 
supresses LPS mediated upregulation of IL-1β, NLRP3 and caspase-1 via 
PI3K in macrophages [109], highlighting differential requirements for 
priming between cell types. Overall, the evidence suggests that molec-
ular patterns associated with atherosclerotic plaques can prime and 
activate the NLRP3 inflammasome, further driving inflammation and 
disease progression. 

2.3. Neurodegenerative disorders 

Aging is the most dominant risk factor for the majority of neurode-
generative diseases, which tend to develop irreversibly, resulting in a 
large socioeconomic burden and great personal cost to patients, often 
with no effective treatment available [110]. The central nervous system 
(CNS) was once considered an immunoprivileged site due to its sepa-
ration from the periphery with the blood brain barrier (BBB), but it is 
now appreciated that the immune system mediates many of the brain’s 
homeostatic processes and can drive disease pathogenesis [111]. In fact, 
the BBB becomes increasingly ‘leaky’ with age, allowing non-specific 
transport of neurotoxic proteins to readily enter the brain and poten-
tially contribute to neurodegeneration [112]. Microarray analysis of 
aging brains reveals significant upregulation of inflammatory genes and 
microglial activation markers compared to young individuals [113]. The 

development of Alzheimer’s Disease (AD), Parkinson’s Disease (PD) and 
Multiple Sclerosis (MS), through varying mechanisms, have been evi-
denced to prime and activate the NLRP3 inflammasome, which subse-
quently mediates further inflammation and damage. One feature 
common to these diseases is decreased autophagy, which has been re-
ported to cause neurodegeneration in mice [114]. Reduced autophagy 
lowers the clearance of toxic protein aggregates in the brain [115], and 
also rescues kinases involved in NF-κB signalling from selective degra-
dation [116], thus potentially allowing NLRP3 transcriptional priming 
(Fig. 2). Understanding the mechanisms of NLRP3 activation in these 
diseases is critical, as the NLRP3 inflammasome has been shown to be 
necessary for age related inflammation, astrogliosis and functional 
decline in a mouse model [11]. 

2.3.1. Alzheimer’s disease 
The most common form of dementia is AD, with aging being the main 

risk factor for its development and subsequent irreversible functional 
decline [117]. Many of the brain’s immune functions are carried out by 
microglia, which in their resting state survey the environment for 
infection or tissue damage with supressed NLRP3 inflammasome func-
tions [118]. In AD, microglia gain a more pro-inflammatory phenotype 
[119]. Quantitative PCR analysis of hippocampal gene expression of 
IL-1β, NLRP3 and ASC reveals upregulation in AD patients compared to 
healthy controls [113]. Treatment of microglia with soluble amyloid-β 
precursor protein also upregulates pro-IL-1β expression [120]. Although 
the exact mechanisms of NLRP3 priming in AD are unclear, it has been 
reported that in a cell free system, amyloid-β oligomers and fibrils 
interact with NLRP3 and induce its interaction with ASC. Moreover, in 
transfected HEK cells, amyloid-β oligomers drive the release of IL-1β, 
suggesting that amyloid-β alone is sufficient to prime and activate the 
inflammasome [121]. TLR4 is thought to mediate this signalling as TLR4 
or MyD88 deficient cell lines treated with amyloid-β oligomers show 
impaired IL-1β secretion [122]. NLRP3 inflammasome activation may be 
an important driver of disease progression. In a mouse model of AD, 
NLRP3 or caspase-1 deficiency facilitate microglia to gain an 
anti-inflammatory phenotype, enhance amyloid-β clearance, decrease 
amyloid-β deposition and protect mice from the loss of spatial memory 
[123]. Activated microglia co-cultured with primary neocortical neu-
rones elicit neuronal tau phosphorylation and a reduction in synapto-
physin: a marker of synaptic terminals. This is IL-1β dependent, as IL-1 
receptor antagonist, as well as anti-IL-1β antibody, attenuate this effect 
[120]. Overall, there is strong evidence for amyloid-β driven inflam-
mation and NLRP3 inflammasome priming and assembly, which has 
been implicated in the development of AD pathology. 

2.3.2. Parkinson’s disease 
PD arises from the loss of neurones in substantia nigra, causing 

striatal dopamine deficiency, and also through the formation of mis-
folded aggregates of the pre-synaptic protein α-synuclein [124]. A 
growing number of studies suggest a link between the NLRP3 inflam-
masome and the pathogenesis of PD, and in particular how changes that 
occur in PD can prime and/or activate the NLRP3 inflammasome. It has 
been reported that α-synuclein treated microglia in vitro results in 
upregulated expression of TLR1,2,3 and 7. Moreover, the mRNA of 
signalling molecules MyD88 and NF-κB was also elavated, as well as that 
of IL-1β and TNF-α [125]. Although NLRP3 was not investigated, this 
data indicates microglial activation and a switch to a pro-inflammatory 
phenotype. This was built upon by a study that identified TLR2 as the 
receptor required for α-synuclein mediated IL-1β gene induction in 
human monocytes [126]. NLRP3 was also upregulated by α-synuclein 
treatment. As well priming the monocytes, α-synuclein caused NLRP3 
inflammasome activation and IL-1β release through its phagocytosis and 
downstream mechanisms involving lysosomal distabilisation and ROS 
production. Further work revealed the role of CD36 on murine microglia 
in regulating α-synuclein mediated microglial activation, TNF-α pro-
duction and ROS generation [127]. In PD patients, the gene expression 
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of NLRP3, ASC and caspase-1 in PBMCs are indeed elevated. Plasma 
concentration of IL-1β is also significantly increased and positively 
correlate with both α-synuclein levels and the severity of disease [128]. 
Thus, α-synuclein can carry out both inflammasome priming and acti-
vating functions. 

2.3.3. Multiple sclerosis 
The median age of patients with MS is 55–59 years [129]. Although 

MS is not considered a disease of the elderly, the increasingly aging 
population means that patients live with this disease for decades 
following onset in young adulthood. Moreover, it has been suggested 
that aging related inflammation plays a role in chronic diffuse demye-
lination of MS [130]. This is supported by the fact that aging negatively 
affects disease prognosis [131]. MS is an autoimmune disorder where 
CNS inflammation demyelinates neurones, which has been extensively 
linked to NLRP3 inflammasome activation in macrophages and dendritic 
cells [132]. In human MS samples, the expression of NLRP3, caspase-1 
and IL-1β are significantly upregulated compared to healthy tissue 
[118]. Moreover, the expression of caspase-1 in PBMCs correlated with 
the number of new MS lesions in patients [133]. NLRP3 mRNA is also 
elevated in a mouse model of MS: autoimmune encephalomyelitis 
(EAE). Here, NLRP3 deficient mice exhibit reduced immune cell infil-
tration and pro-inflammatory cytokine production, resulting in signifi-
cantly delayed course and severity of pathology [134]. Similar findings 
were reported in ASC and caspase-1 deficient mice [135,136]. Thus, it is 
plausible that the initiation of MS upregulates inflammasome compo-
nents, which then function to drive the progression of the disease. 

2.4. Cancer 

The incidence of cancer is strongly correlated with age, with age 
related factors such as genomic instability, telomere attrition, dysregu-
lated nutrient sensing, senescence and chronic inflammation increasing 
the risk of cancer [137] (Fig. 2). Inflammation is a key driver of both 
development and progression of carcinogenesis. Inflammatory factors 
that increase the risk of cancer include bacterial and viral infections, but 
also sterile factors such as obesity, alcohol, tobacco and autoimmune 
diseases [138]. During carcinogenesis, aberrant signalling due to 
oncogenic mutations drive tissue microenvironments to gain a more 
inflammatory phenotype. Sites of tumours are largely orchestrated by 
immune cells that play indispensable roles in proliferation, survival and 
migration [139]. 

Tumour associated macrophages (TAMs) are commonly found in 
tumour microenvironments, where they orchestrate inflammation and 
promote angiogenesis and metastatic spread [140]. Macrophages are the 
main producers of IL-6 and are therefore mediators of IL-6 driven 
inflammation and tumour promotion in colitis associated cancer [141]. 
Sphingosine-1-phosphate (S1P) is a bioactive lipid metabolite that has a 
range of physiological functions downstream of its receptor. Intracel-
lularly, S1P can facilitate TNF receptor-associated factor 2 (TRAF2) 
mediated canonical NF-κB activation pathway [142]. S1PR1 deficiency 
on TAMs surrounding murine breast tumours prevents pulmonary 
metastasis and tumour lymphangiogenesis [143]. Interestingly, tran-
scription analysis reveals decreased NLRP3 expression levels in S1PR1 
deficient macrophages. In both mouse and human macrophages, S1PR1 
inhibition results in reduced NLRP3 mRNA levels and IL-1β production. 
Increased NLRP3 expression by macrophages is correlated to reduced 
survival rates in patients with invasive breast cancer [143]. 

As the tumour outgrows its blood supply, the environment becomes 
increasingly hypoxic. Hypoxia is associated with significantly higher IL- 
1β secretion by TAMs due to increased stability of hypoxia inducible 
factor 1α (HIF-1α) [144]. Through the stimulation of NF-κB genes, 
hypoxia has been shown to transcriptionally prime NLRP3 and pro-IL-1β 
in both macrophage and prostate cancer cell lines and potentiate 
inflammasome activity [67]. NLRP3 upregulation can be seen across a 
range of cancers. In a mouse model of pancreatic carcinoma, NLRP3, 

IL-18 and IL-1β are upregulated inside infiltrating macrophages. This 
was mirrored in human pancreatic ductal adenocarcinoma, where 
tumour infiltrating monocytes expressed significantly more NLRP3 
protein than circulating monocytes. This study found that TAM NLRP3 
expression was controlled by TGF-β in vivo, a known secretion product of 
tumour cells [144]. Similar results were observed in a model of colo-
rectal cancer, where TAMs surrounding the cancer have strong NLRP3 
and IL-1β expression, as well as inflammasome activation. These 
changes in gene expression can be induced by exposure to conditioned 
medium from colorectal cancer cell line, suggesting that crosstalk be-
tween cancer and TAMs drives an inflammasome response in these 
macrophages [145]. Signal 2 of inflammasome assembly could be pro-
vided by ATP, which is commonly elevated at tumour sites [146]. P2X7, 
an important receptor for ATP signalling, is overexpressed in many tu-
mours and has been established as a mediator of inflammatory cytokine 
release into circulation e.g. IL-1β and TNF-α [147], as well as proteases 
e.g. matrix metalloproteinase-9 (MMP-9) [148] and cathepsins [149] 
that could contribute to tumour progression. 

In addition to TAMs, cancer-associated fibroblasts (CAFs) account for 
large proportion of cells within the microenvironment of solid tumours 
e.g. breast cancer and are associated with poor prognosis [150]. CAFs 
are also inflammasome forming cells. Ershaid et al. (2019) found that in 
both mouse and human CAFs, the expression of NLRP3, caspase-1 and 
IL-1β are significantly upregulated in breast tumour samples [151], 
strongly suggesting that the tumour environment can prime the 
inflammasome. Indeed, murine mammary fibroblasts treated with 
DAMPs (ATP and MSU) responded with increased caspase-1 cleavage 
and IL-1β secretion [151]. Targeting IL-1β with canakinumab as part of 
the CANTOS study revealed decreased incidence of lung cancer as well 
as lower cancer mortality compared to the placebo group [152]. 

Although combating tumours with radiation can be an effective 
treatment, it can also result in toxic side effects. One of the most com-
mon of these is clinical pneumonitis [153], which leads to lung damage 
in patients. It is believed that inflammation plays an important role in 
the pathogenesis of clinical pneumonitis. Indeed, mice irradiated at the 
thorax experience an increase in macrophages expressing TNF-α, IL-1α 
and IL-1β in the lung and bronchoalveolar lavage [154]. Murine BMDMs 
subjected to radiation undergo NLRP3 dependent pyroptosis and secrete 
elevated levels of IL-1β and IL-18 [155]. In vivo, low dose radiation is 
sufficient to induce NLRP3 expression and inflammasome activation in 
the mouse lung. Moreover, inhibition or deletion of NLRP3 prevented 
radiation reduced inflammation score [156]. Therefore, radiation 
treatment can induce NLRP3 activation in a sterile environment, 
resulting in death of non-cancerous cells and pro-inflammatory cytokine 
release. Moreover, in cancer patients diagnosed with painful neuropathy 
as a side effect of the drug Bortezomib, NLRP3 has been found to be 
overexpressed as a consequence of acetylation of histone H3 and H4 in 
the NLRP3 promoter region [157], thus driving the disease. On the other 
hand, some chemotherapy treatment induced NLRP3 activation has 
been described as beneficial for battling tumours [158]. It has been re-
ported that anti-breast tumour chemotherapy efficacy relies on myeloid 
PTEN, which directly interacts with and dephosphorylates NLRP3 to 
facilitate interaction with ASC and inflammasome activation. Clinical 
data suggests that myeloid PTEN expression correlates with chemo-
therapy induced anti-tumour immunity in patients with breast cancer 
[158]. These studies provide key evidence that transcriptional, 
post-transcriptional and post-translational licencing of NLRP3 has a role 
in clinical outcomes. 

3. Conclusion 

Priming has long been thought of as a prerequisite for inflammasome 
activation, with PAMPs being commonly used to prime NLRP3 via gene 
upregulation and licence NLRP3 via PTMs in vitro. It has becoming 
increasingly evident that the NLRP3 inflammasome is a key driver in 
many non-communicable diseases. The process of aging and the 
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pathogenesis of inflammatory conditions associated with aging result in 
the increase of various pro-inflammatory cytokines, metabolites, ag-
gregates and chemically reactive species. All these have been evidenced 
to prime the NLRP3 inflammasome via different mechanisms and result 
in an enhanced inflammasome response, further driving inflammation 
and disease progression. The distinction between the inflammasome 
priming and activation steps during the pathogenesis inflammatory 
conditions is difficult to make. In young, healthy individuals, it remains 
elusive whether any unknown innate factors prime the inflammasome in 
vivo. Therefore, there is still no universal definition of what a primed and 
‘ready to assemble’ inflammasome looks like. Although a number of 
post-transcriptional and post-translational modifications have been 
proposed, the landscape of constitutively acting RNAs and enzymes on 
NLRP3, as well as the sequence of modifications that occur in response 
to different stimuli and throughout aging remains uncharacterised. 
Moreover, we do not know which modifications are required in vivo, and 
how these differ between cell types and species. As the majority of 
studies are carrying out in murine cells, the mechanisms of priming in 
humans remain largely unstudied. More work must be done before 
considering targeting NLRP3 modifying enzymes or priming pathways 
to treat inflammatory conditions. 
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H. Pietiläinen, C. Packard, J. Borén, Role of apolipoprotein C-III overproduction 
in diabetic dyslipidaemia, Diabetes Obes. Metab. 21 (8) (2019) 1861–1870. 

[79] H.F. Raposo, A.A. Paiva, L.S. Kato, H.C. de Oliveira, Apolipoprotein CIII 
overexpression exacerbates diet-induced obesity due to adipose tissue higher 
exogenous lipid uptake and retention and lower lipolysis rates, Nutr Metab (Lond) 
12 (2015) 61. 

[80] S. Zewinger, J. Reiser, V. Jankowski, D. Alansary, E. Hahm, S. Triem, M. Klug, S. 
J. Schunk, D. Schmit, R. Kramann, C. Körbel, E. Ampofo, M.W. Laschke, S. 
R. Selejan, A. Paschen, T. Herter, S. Schuster, G. Silbernagel, M. Sester, U. Sester, 
G. Aßmann, R. Bals, G. Kostner, W. Jahnen-Dechent, M.D. Menger, L. Rohrer, 
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