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Abstract

Recently, the CANTOS (Canakinumab Anti-Inflammatory Thrombosis Outcomes Study) showed
the successful anti-inflammatory benefit of canakinumab, a monoclonal antibody targeting
interleukin-18 (IL-1R) towards major cardiovascular events (MACE) in patients with a previous
myocardial infarction. The magnitude of reduction in MACE was directly attributed to a reduction
witnessed in IL-6 and CRP and highlighted the therapeutic potential of selectively targeting 1L-11
for atherosclerotic disease, a notion previously introduced in animal models. IL-18 is involved in
the downstream activation of the I1L-6 receptor, which itself has been previously implicated as a
target for atherothrombosis from Mendelian randomization studies. Further support has been
garnered with the results of CIRT (Cardiovascular Inflammation Reduction Trial), which showed
the inability of low-dose methotrexate to reduce IL-1R8, IL-6, or hsCRP in addition to MACE
among patients with prior MI or multivessel coronary artery disease (CAD) but with normal
hsCRP levels. Therefore, elucidation of therapeutic targets against the IL-1 pathway are of
immense interest currently in treating atherothrombosis. Upstream and serving as an activator of
IL-1R lies the nucleotide-binding oligomerization domain-like (NOD) receptor protein 3 (NLRP3)
inflammasome that has been well described in animal models to be activated by cholesterol
crystals or hypoxia to promote cleavage and secretion of 1L-113 and IL-18 that lead to
atherosclerotic deposition in arteries. Given the direct implication of an atherogenic role to the
NLRP3 inflammasome in generating these cytokines, NLRP3 inhibitors are of interest with the
consideration to move upstream from the initial success of anti-1L-11 therapy. With further
discussion of the existing knowledge on the proinflammatory relationship of the NLRP3
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inflammasome with atherosclerosis, this review summarizes and critically evaluates the preclinical
and interventional findings of endogenous NLRP3 inflammasome inhibition in attempts to
elucidate anti-inflammatory mechanisms and therapeutic targets against atherothrombosis. Further
investigation focusing on the endogenous mechanisms of inhibition of the NLRP3 inflammasome
would uncover diagnostic routes from defective means in inflammatory resolution. Specifically,
pro-resolving lipid mediators, autophagy, and phosphorylation/dephosphorylation mechanisms are
three points of worthy investigation from existing evidence.

Keywords
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1. Introduction:

From merely a matter of lipid dysregulation, evidence of residual inflammatory risk towards
atherosclerosis has shifted the paradigm in understanding its pathophysiology and
therapeutic options.1~2 Results from two randomized clinical trials, PROVE-IT-TIMI 22
(Pravastatin or Atorvastatin Evaluation and Infection Therapy — Thrombolysis in Myocardial
Infarction 22) and JUPITER (Justification for the Use of Statins in Prevention: an
Intervention Trial Evaluating Rosuvastatin), have highlighted residual inflammatory risk
with evidence of reduced rates of major adverse cardiovascular events (MACE) via
reductions in high sensitivity C-reactive protein (hsCRP) and independent of reductions in
low density lipoprotein cholesterol (LDL-C).3~* Recently, the CANTOS (Canakinumab
Anti-Inflammatory Thrombosis Outcomes Study) showed the successful anti-inflammatory
benefit of canakinumab (150mg every 3 months, subcutaneously), a monoclonal antibody
targeting interleukin-1R (IL-1R) that is approved for rheumatologic diseases, towards MACE
among patients with a previous myocardial infarction (MI).> The magnitude of reduction in
MACE was directly attributed to a reduction witnessed in 1L-6 (32% reduction with post-
treatment IL-6 level below 1.65 ng/L) and hsCRP (25% reduction with post-treatment
hsCRP concentrations less than 2 mg/L) and highlighted the therapeutic potential of
selectively targeting IL-11 for atherosclerotic disease, a notion previously introduced in
animal models.510 [L-1R is involved in the downstream activation of the IL-6 receptor,
which itself has been previously implicated as a target for atherothrombosis from Mendelian
randomization studies.11~12 Emphasis on inquiry towards this pathway relative to other
inflammatory pathways has recently garnered further support with the results of
CIRT(Cardiovascular Inflammation Reduction Trial), which showed the inability of low-
dose methotrexate to reduce IL-1B, IL-6, or hsCRP in addition to MACE among patients
with prior MI or multivessel coronary artery disease (CAD) but with normal hsCRP levels.13
To this aim, in addition to resolving whether proinflammatory signatures of IL-18 pathway
selectively or ubiquitously predispose to atherosclerotic disease, elucidation of therapeutic
targets within it are of immense interest currently.

Upstream and serving as an activator of IL-1R lies the nucleotide-binding oligomerization
domain-like (NOD) receptor protein 3 (NLRP3) inflammasome.1# With atherosclerotic
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deposition in arteries, the NLRP3 inflammasome has been well described in animal models
to be activated by caspase-1 in the presence of cholesterol crystals or hypoxia to promote
cleavage and secretion of 1L-1R and 1L-18.15-16 Additionally, evidence of cholesterol
crystal-induced activation of the NLRP3 inflammasome within macrophages and with
hemodynamic-related activation of sterol regulatory element binding protein 2(SREBP2)
provide evidence for a link between cholesterol metabolism and inflammation related to
atherosclerosis.1’~18 Given the direct implication of an atherogenic role to the NLRP3
inflammasome, NLRP3 inhibitors are of interest with the consideration to move upstream
from the initial success of anti-1L-1i therapy. With further discussion of the existing
knowledge on the proinflammatory relationship of the NLRP3 inflammasome with
atherosclerosis, this review summarizes and critically evaluates the preclinical and
interventional findings of endogenous NLRP3 inflammasome inhibition in attempts to
elucidate anti-inflammatory mechanisms and targets against atherothrombosis.

2. NLRP3 Inflammasome Pathway and Atherosclerosis:

The NLRP3 inflammasome is composed of the NLRP3 protein (also known as cryopyrin
and NLRP3), one of five germline-encoded pattern-recognition receptors (PRRs) known to
assemble a canonical inflammasome, which is distinguished in its ability to convert pro-
caspase-1 into the active caspase-1.19-20 |n addition to these two components of the NLRP3
inflammasome, the adaptor protein ASC is a third necessary component, and is required for
the interaction with caspase-1 via its caspase recruitment domain (CARD).2! Interestingly,
NEK?7, a serine/threonine kinase involved in mitosis, has recently been implicated non-
simultaneously as an additional component of NLRP3 inflammasome activation by binding
to its leucine-rich repeat domain to promote assembly.22 Specific upstream mechanisms of
activation of NLRP3 inflammasomes that have been described include potassium efflux,
generation of reactive oxygen species (ROS), and lysosomal destabilization.23 Recently,
post-translational modifications, including ubiquitination and phosphorylation have also
been implicated as having a role in the activation process.24 Within macrophages, a priming
event is first required in the activation of the NLRP3 inflammasome where an inflammatory
stimulus promotes the necessary nuclear factor-kappa beta (NF-kR) signaling.2> The
activation of the NF-kR pathway also promotes the expression of pro-1L-18 and pro-1L18,
both of which serve as substrates to be activated by the recruited caspase-1 activity of the
NLRP3 inflammasome.28 A second activation step within macrophages either occurs
sequentially or simultaneously to the initial priming step and involves the final assembly of
the inflammasome to promote the catalytic action of its caspase component towards these
inactive substrates.2” The latter activation step is mediated by the presence of pattern-
associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPS)
to promote pyroptosis, a form of cell death that is mediated by the cleavage of gasdermin D
(GSDMD) to increase plasma membrane permeability (by membrane pore formation).27-28
Pyroptosis is the juncture of canonical inflammasome activity (caspase-1 activation) and
non-canonical inflammasome-induced activity through caspase-4, caspase-5 (humans) and
caspase-11 (mice).2” Upon activation, IL-1R promotes vascular smooth muscle (vSMC)
proliferation in addition to increased leukocyte recruitment and adhesion, as well the
upregulation of several proinflammatory cytokines, including fibrinogen, plasminogen
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activator inhibitor (PAI), IL-6, and hsCRP.2%-31 The role of IL-18 with atherothrombosis
was shown to upregulate interferon gamma in macrophages and NK cells for plaque
formation and likewise increase collagenolytic activity of vSMC to promote plaque
instability.32-33 Therefore, this pathway between the NLRP3 inflammasome to IL-1R and
then moving downstream to IL-6 and hsCRP is the center of an ongoing discussion with
atherothrombosis.

Atherosclerosis involves a chronic inflammatory state that involves proliferation of vSMC,
infiltration of leukocytes, endothelial dysfunction, and perpetuated lipid accumulation.34-35
The proinflammatory or proatherogenic mediators involved include IL-18, IL-6, IL-18, and
tumor necrosis factor (TNF) that overwhelm anti-inflammatory mediators that include
IL-10, IL-19, IL-1 receptor antagonist (IL-1RA) and IL-33.36-37 The earliest evidence of the
NLRP3 inflammasome with atherosclerosis was shown by Duewell et al., where cholesterol
crystals secondary to a diet-induced atherogenic diets in mice induced inflammation via
caspase-1 activation by upregulated NLRP3 inflammasome activity in macrophages.38 It
should be noted that such cholesterol crystal formation can also occur with the uptake of
oxidized LDL by a scavenger receptor CD36 on phagolysosomes with intracellular
crystallization.3? With the phagocytosis of cholesterol crystals by macrophages, Duewell et
al. found that this led to phagolysosomal destabilization and rupture as phagocytosis could
not continue. From this lysosomal rupture, leakage of the lysosomal enzyme cathepsin B
was witnessed to further activate the NLRP3 inflammasome in human macrophages and has
been discussed as an additional possible method of activation specific to atherosclerosis.
40-41 Interestingly, Duewell et al. also found that mice transplanted with deficient NLRP3
were shown to have markedly decreased early atherosclerosis and inflammasome-dependent
IL-18 levels. Further mice models of NLRP3 deficiency towards decreased atherosclerotic
lesion size have emphasized the specific importance of a deficient caspase-1 gene
expression, citing the means of reducing IL-18.42-44 Additionally, on the basis of
intracellular crystallization and phagolysosomal destabilization, excess saturated fatty acids
(palmitic acid and stearic acid) have been shown to similarly activate the NLRP3
inflammasome in murine primary macrophages in vitro and in mice in vivo.*® It is
hypothesized by Karasawa et al. that since CD36 also serves as a fatty acid transporter, it
may play a similar role in the incorporation of fatty acids within macrophages similar to
what was evidenced with LDL cholesterol.*®

Considering the entirety of the NLRP3 pathway, epidemiologic human evidence from
Mendelian randomization studies have identified IL-6 signaling to contribute to
atherothrombosis.11:12 However, Mendelian Randomization studies of hsCRP have not been
implicated similarly, and with no such data for IL-18, it has been said that a prime target for
anti-atherothrombotic therapy is upstream to IL-6 (e.g. NLRP3 inflammasome).4¢ As
described, CANTOS demonstrated the success of anti-IL-1i therapy with canakinumab in
the prevention of recurrent MACE in post-MI patients with residual inflammatory risk
(hsCRP > 2mg/L).® Certainly, the direct targeting of I1L-6 is of interest with atheroprotection
from the Mendelian Randomization studies and has engaged prospective evaluation.
However, as noted from preliminary data from CANTOS, plasma IL-18 remained a
determinant of residual risk despite this targeted anti-IL-1B therapy and indicate a need to
explore upstream with atherothrombosis.#6 Therefore, in order to target both IL-1R and
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IL-18, the upstream NLRP3 inflammasome is an attractive target and is mechanistically
demonstrated in Figure 1. As an ongoing effort from these findings, below we discuss
specific endogenous evidence with NLRP3 inhibition worth evaluation in the scope of
atherothrombosis diagnostically and therapeutically.

3. Endogenous Mechanisms of NLRP3 Inhibition and Atherosclerosis:

Pro-Resolving Lipid Mediators

Specialized pro-resolving mediators (SPMs) are a large superfamily of unsaturated fatty-acid
derived lipid mediators that have been implicated and discussed in patients with
atherosclerotic vascular disease.*’-20 SPMs include lipoxins (LX), resolvins (Rv), protectins
(P), and maresin (Mar) and serve as activators of G-protein coupled receptors.4751-53 Within
animal models, atherosclerosis has been shown to be a failure in inflammation resolution
secondary to a deficiency in the 12/15-lipooxygenase (LOX) synthetic pathways of these
SPMs.53 Interestingly, the localization of 5-LOX is critical to the utilization of arachidonic
acid (AA) substrate by 12/15-LOX.%4-55 Nuclear localization of 5-LOX is associated with
the formation of proinflammatory leukotriene B4 (LTBA4) by its own catalytic action and can
potentiate such a necessary state in an atherogenic process.52 However, non-nuclear
localization of 5-LOX near 12/15-LOX can help facilitate the conversion of AA to anti-
atherogenic and anti-inflammatory SPMs.%5 This conversion is believed to be facilitated by
an efferocytosis receptor, MerTK.35-56 |_ikewise, the ratio of resolvin D1 (RvD1) to LTB4
was shown to be significantly reduced in human carotid plaques, a finding that was also
appreciated with resolution deficits in RvD2 and Marl with vulnerable plaque rupture in
ApoE |- mice.>-58 The mechanisms of anti-atherogenic and anti-inflammatory resolution
by SPMs have been best understood in animal models where stimulation of the A type LX
(ALX)/formyl peptide receptor (FPR2) [ALX/FPR2] on vSMCs promotes attenuation of
platelet-derived growth factor (PDGF)-stimulated vSMC migration and proliferation,
increased M2 macrophage polarization, and decreased leukocyte recruitment.7:59-61
Interestingly, in animal models, exogenous delivery of SPMs was shown to counter the
resolution deficit underpinning proinflammatory vascular injury.81-62

Despite direct evidence implicating the therapeutic potential of SPMs with atherosclerosis,
this evidence has not been directly linked to modulation of the NLRP3 inflammasome.
However, recent evidence of SPM involvement with attenuating the NLRP3 inflammasome
outside of atherosclerosis has spurred interest in this direction in juncture with the findings
of CANTOS. In bone marrow-derived macrophages from a mouse model challenged with
lipopolysaccharide with adenosine triphosphate (ATP) or palmitate (activation mechanisms
of NLRP3), RvD2 suppressed the expression of pro-1L-1B and reduced the secretion of
mature 1L-1R.53 The findings by Lopategi et al. were extended to their investigation in both
thioglycolate-elicited peritoneal macrophages, where RvD2 hindered inflammasome
priming events and subsequent activation events, including oligomerization of ASC,
assembly, and caspase-1 activity, and in the in vivo inhibition of the NLRP3 inflammasome
by RvD?2 in a peritonitis model. Interestingly, IL-18 expression was also shown to be
downregulated by RvD1 and RvD2, a necessary target as mentioned from the CANTOS
findings. Interestingly and similar to the discussion noted with atherosclerosis, RvD?2 effects
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were shown to be receptor mediated by Lopategi et al. as well. Further mechanistic
understanding has been evidenced in a sepsis mouse model, where genetic NLRP3
deficiency conferred resolution of inflammation associated with polymicrobial sepsis by
relieving caspase-dependent inhibition on lipoxin B4 (LXB4) synthesis in macrophages.®* In
relation to anti-inflammatory efforts promoting inhibition of the NLRP3 inflammasome,
mouse models of glomerular injury have found SPMs (RvD1 and Mar1) to suppress lipid
raft redox signaling platforms and ROS generation.65-66 While the successful demonstration
of exogenous SPM mediated inhibition of the NLRP3 inflammasome may offer a
therapeutic approach stemming from these studies, SPMs do offer routes of intervention at
the endogenous synthetic mechanisms described. In addition to this worthy inquiry, SPM
deficiency may offer a diagnostic approach to identify potential responders to NLRP3
inhibition via exogenous SPM delivery towards atherothrombosis.

Autophagy is a highly conserved mechanism of intracellular degradation of toxic
cytoplasmic material to the lysosomes for degradation.8” The delivery of these cytoplasmic
substrates has been described in three ways: 1. Microautophagy, which utilizes an
invagination of the lysosomal membrane, 2. Chaperone-mediated autophagy (CMA), which
is dependent on a lysosomal-associated membrane protein 2 (LAMP2) to coordinate with
other proteins to form a multi-protein channel necessary for substrate delivery to lysosomes,
and 3. Macroautophagy, which is the best understood and assumed mechanism in the
discussion of autophagy, involves double-membraned autophagosomes with substrate
delivery via membrane fusion.57-69 With relation to the NLRP3 inflammasome, autophagy
has been shown to be a negative regulator of its activation.”%-71 Of the mechanisms
described, clearance of damaged mitochondria (known as the mitophagy variant of
autophagy) prevents the accumulation of mitochondrial ROS to activate the NLRP3
inflammasome.’? Specifically, both ROS generation and NLRP3 inflammasome activation
was suppressed with inhibition of voltage-dependent anion channel related to mitochondrial
activity. Furthermore, in a mouse macrophage model with M. tuberculosis infection,
degradations of the assembled NLRP3 inflammasome complex was also shown to be
mediated by ubiquitination occurring during autophagy, limiting early IL-1R production.’®

In relation to atherothrombosis, direct evidence exists that links plaque progression with
NLRP3 inflammasome activity.”1=7® In addition to finding evidence of autophagy markers
colocalized with macrophages in atherosclerotic plaques, Razani et al. demonstrated the
direct influence of autophagy influencing accelerated atherogenesis in an autophagy related
5 (ATG5) double knockout mouse model via enhanced NLRP3 inflammasome activation.’:
Macrophage-specific ATG5-null mice are commonly used models for autophagy
haploinsufficiency and deficiency.”® Razani et al. also note that the defective autophagy
promotes an exaggerated response to cholesterol-crystal mediated hyperactivation of the
NLRP3 inflammasome. Interestingly, they did not find that heterozygosity of autophagy
deficiency was atherogenic, implicating the need to understand what degree of impairment is
necessary. Similar findings of pro-atherogenic NLRP3 inflammasome activity were also
demonstrated with a double knockout CD38 mouse model, a gene responsible for the
regulation of lysosome function and autophagic flux.”” Mechanistically, the current direct
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evidence between defective autophagy and NLRP3 inflammasome mediated atherosclerosis
has implicated sirtuin 3 (SIRT3), a nicotinamide adenine dinucleotide (NAD)-dependent
deacetylase sensitive to metabolic status.’® Previously, the activation of NLRP3
inflammasome in ApoE -/- mice towards pro-atherogenic vascular inflammation was shown
to be mediated by the inhibition of the SIRT3 pathway involving superoxide dismutase 2
(SOD2) and mitochondrial ROS signaling.”® In addition to finding that SIRT3 levels were
reduced in peripheral monocytes from obese humans and palmitate-treated THP-1 (human
monocytic cell line), corresponding to enhanced NLRP3 inflammasome and reduced
autophagy, Liu et al. found that SIRT3 could form a molecular complex with ATG5. In such
a reaction, SIRT3 overexpression altered the acetylation of endogenous ATGS5, thereby
inhibiting ROS generation and inhibiting the activation of the NLRP3 inflammasome. Given
the direct evidence discussed here with autophagy defects leading to increased NLRP3
activity, focused exogenous interventions towards atherosclerosis such as miltefosine, an
FDA approved drug for treating leishmaniasis, have been explored.8® In murine
macrophages, miltefosine increased cholesterol efflux and induced autophagy in
macrophages, promoting the dampening of the NLRP3 inflammasome and promoting lipid
droplet degradation. As noted by lacano et al., failure towards engulfment of modified lipids
results in cholesterol crystal deposition underlying atherosclerotic plague formation. Similar
to our discussion regarding the successful demonstration of exogenous SPM mediated
inhibition of the NLRP3 inflammasome, such findings of repair defects in autophagy may
offer a therapeutic approach stemming from these studies. However, as reviewed by Galluzzi
et al., modulators of autophagy are a complicated endeavor and require careful evaluation,
including non-mutually exclusive mechanisms of disease, and the benefit of activation vs.
recovery mechanisms of autophagy.8 Nevertheless, these defects in autophagy do also offer
a diagnostic approach similar to SPM deficiency to identify potential responders to NLRP3
inhibition towards atherothrombosis (Fig. 2).

Post-translational modifications — Inhibitory Regulators

Among post-translational modifications, phosphorylation/dephosphorylation mechanisms
related to the activation of the NLRP3 inflammasome have been well described with
differing roles. Phosphorylation via several kinase systems, including TGF-R-activated
kinasel (TAK1), mitogen-activated protein kinase kinase kinase (MAPKKK), c-Jun N-
terminal kinasel (JNK1), external signal regulated kinasel (ERK1), PI-3K/Rac1/p21-
activated kinase (PAK1) or other TLR signaling-related kinases have all been implicated as
critical components in the modulation of NLRP3 priming or subsequent activation steps.
82-85 | jkewise, exogenous inhibitors to these kinases is a worthy endeavor therapeutically
and may explain success noted with small molecule inhibitors such as MCC950.86 However
such therapeutic mechanisms are out of the scope of this review. Focusing on endogenous
negative regulators of NLRP3 (Table 1), inhibitor of kappa beta (IKK)a can phosphorylate
both Ser16 and Ser193 of the ASC component of the NLRP3 inflammasome to induce its
sequestration into the nucleus.8” This was found in contrast to the role of IKKi/IKKe which
phosphorylate Ser58 reside of ASC to promote the translocation of ASC towards priming of
the NLRP3 inflammasome. Interestingly, as Song et al. have indicated, the specific
activation mechanisms of ASC and its subsequent perinuclear translocation need further
investigation.
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Moving to the activation and assembly phase of the NLRP3 inflammasome, which includes
the oligomerization of ASC and cleavage of GSDMD, phosphatase of protein phosphatase
2A (PP2A) is responsible for the dephosphorylation of Ser5 on the N-terminal pyrin domain
(PYD) of NLRP3, promoting recruitment of ASC.87 However, the endogenous kinase that
phosphorylates Ser5 of PYD is not known and is worth investigation. Nevertheless,
endogenous ubiquitination/deubiquitination mechanisms have been described to attenuate
NLRP3 inflammasome activation. Within a colitis model, TRIM31, an E3 ubiquitin ligase,
was shown to be a feedback suppressor of the NLRP3 inflammasome with stimulation of the
protein theorized to be by the same IL-1R product of inflammation.88 Similar negative
regulation via ubiquitination of NLRP3 has been described with the E3 ubiquitin ligase
Ariadne Homolog 2 (ARIH2) in murine peritoneal macrophages.8® Conversely,
deubiquitination has been shown to be a positive regulator with the activation of the NLRP3
inflammasome via the cytosolic enzyme BRCC3-containing BRISC complex.®

Further known endogenous inhibitory mechanisms of post-translational modifications during
the activation phase include protein kinase A (PKA) which was found to directly attenuate
NLRP3 activation via phosphorylation of Ser295 of human NLRP3, which was mediated by
prostaglandin E2 (PGE2) signaling via the PGE2 receptor E-prostanoid 4 (EP4).%1 Likewise,
as a part of the PKA signaling pathway, cyclic adenosine monophosphate (CAMP) can also
directly inhibit the NLRP3 inflammasome at Ser295 of its receptor.%2 Interestingly,
mutations in Ser295 has been linked to the disease CAPS (cyropyrin-associated periodic
syndromes).%3 Despite lacking direct evidence of these mechanisms with atherosclerosis,
activation of PKA via transmembrane G-protein-coupled receptor (TGR5), a bile acid
receptor promoted phosphorylation of Ser291 of NLRP3, which led to its degradation via
ubiquitination.92 To note, TGR5 agonists have been shown to inhibit oxidized LDL uptake
in macrophages and halt atherosclerosis in a mouse model with TGR5 receptor response. %
Interestingly, within peritoneal inflammation, ubiquitination and degradation of NLRP3 via
cAMP was shown to be mediated via the E3 ubiquitin ligase MARCH17, similar to the
findings noted with TRIM31.9° Finally, protein tyrosine phosphatase, non-receptor type 22
(PTPN22) has been evidenced as another direct endogenous inhibitory mechanism against
the activation phase that targets Tyr861 of NLRP3.96 However, the activity of PTPN22 has
been localized to the lamina propria in the setting of inflammatory colitis due to tightly
regulated mRNA expression, and thus its evidence in other cell types is currently unknown.
97 Taken together, endogenous means of phosphorylation/dephosphorylation mechanisms
specific to NLRP3 inflammasome regulation and atherothrombosis require further
investigation as it may also offer additional diagnostic and therapeutic approaches to identify
and help potential responders to NLRP3 inhibition.

4. Diagnostic and Therapeutic Implications:

The NLRP3 inflammasome is an attractive target towards future therapeutic investigation
surrounding atherothrombosis. Certainly, endogenous proinflammatory mechanisms of the
NLRP3 inflammasome are of interest. For example, some interest is currently with
colchicine intervention, stemming from two large phase 3 clinical trials in the secondary
prevention of cardiovascular disease.%-100 Likewise, the myriad of proposed activation
mechanisms of the NLRP3 inflammasome require further mechanistic understanding and
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may offer additional points of targeted inhibition.19 However, focusing on the endogenous
mechanisms of inhibition of the NLRP3 inflammasome, it may also be that such
investigation uncovers diagnostic routes from defective means in inflammatory resolution.
Among our discussion here, SPMs are one such point of interest. Separately, evidence has
implicated their involvement in the resolution associated with atherosclerosis and the
NLRP3 inflammasome, with an SPM deficiency offering a route diagnostically towards
atherothrombosis. However, direct evidence of SPM modulation of NLRP3 inflammasome
activity with atherosclerosis is needed and a worthy investigation. Additionally, by any
intervention towards the inflammatory risk with atherothrombosis, anti-1L-18 therapy
requires equal attention to anti-1L-1R therapy as supported by the findings from CANTOS.
Interestingly, SPMs do offer the possibility of attenuating both cytokines as discussed.
Autophagy is a second means of endogenous inhibition of the NLRP3 inflammasome that
we discussed. Tying intimately with the activation substrates (i.e. ROS and ion fluxes)
autophagy provides links to the early regulatory steps surrounding activation of the NLRP3
inflammasome. Likewise, with direct but limited evidence towards atherosclerosis secondary
to NLRP3 inflammasome activity, defective mechanisms of autophagy (reduced SIRT3)
have offered a route to intervention (i.e. miltefosine) and diagnosis. However, mechanistic
questions warrant further investigation prior to inquiry into targeted diagnosis or intervention
via autophagy. For one, the degree of defective autophagy identified in animal models
(double knockout) may not correspond or be viable to humans. Heterozygous evidence is
limited. Therapeutically, autophagy stimulation is a worthy investigation, particularly by
means of mitophagy, but will be need to evaluated for success relative to intervening with
recovery mechanisms of autophagy. Finally, our discussion of post-translational
modifications focused on well-described mechanisms of phosphorylation/dephosphorylation
towards negative regulation of the NLRP3 inflammasome. Of these mechanisms,
endogenous inhibition during the priming phase of NLRP3 inflammasome activation is less
known but IKKa activity has proved the worth of such investigation. The modulation of
ASC translocation by IKKa warrants further understanding of its proinflammatory
movement during the priming phase. Similar to our discussion with SPMs, large evidence
exists of phosphorylation/dephosphorylation mechanisms related to inhibitory action of the
NLRP3 activation phase and separately, atherosclerosis (i.e. TGR5 agonists.
Mechanistically, many of the phosphorylation/dephosphorylation evidence is from in vitro
findings and support for those routes implicated require further in vivo evaluation. Defective
mechanisms of necessary post-translational modifications offer an additional route
diagnostically and stimulators of targeted kinase activity is a possibility towards
inflammation surrounding atherothrombosis. Taken together, these three approaches may
also highlight the need for a customized approached to NLRP3 inflammasome inhibition,
should it be established as a viable therapy towards atherothrombaosis.

5. Conclusion:

With the findings of CANTOS and CIRT, the NLRP3 inflammasome pathway with the
modulation of IL-18 and IL-18 is of further diagnostic and therapeutic interest as we branch
from the residual inflammatory risk hypothesis associated with atherothrombosis.
Endogenous mechanisms of NLRP3 inflammasome inhibition offer a large-scale
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opportunity to understand intervention as twofold, attenuating proinflammation routes or
promoting pro-resolving mechanisms. Defective and deficient mechanisms of NLRP3
inflammation resolution provides diagnostic understanding as well. Additionally, further
elucidation of the specific mechanisms of the NLRP3 inflammasome with atherothrombosis
is necessary to refine what will be a broader therapeutic need compared to other established

cryopyrin pathologies.
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Figure 1: NLRP3 Inflammasome Pathway and Atherosclerosis — Atherothrombosis
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Priming phase via NF-kB requires inflammatory stimuli (i.e. Toll-like receptor-4 [TLR-4]) to
promote inflammasome assembly and subsequent active IL-18 and IL-18. Activation phase
is initiated via PAMPs/DAMPs (of note, cholesterol crystals or oxidized LDL uptake) and
promotes NLRP3 inflammasome assembly and activation. Several NLRP3 inflammasome
activation mechanisms have been noted, and phagolysosome destabilization (via cathepsin

B) and post-translational modifications (PTMs) have been particularly described with
atherosclerosis and atherothrombosis. NLRP3 inflammasome assembly also promotes

pyroptosis via GSDMD which allows for the extracellular release of IL-18 and IL-18 to

initiate the recruitment of necessary inflammatory milieu and cytokines underlying
atherosclerosis leading to atherothrombosis.
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Figure 2: SPM (red, orange) and Autophagy [ATG] (gray, orange) Inhibitory Mechanisms of the
NLRP3 Inflammasome Pathway and Potential Routes against Atherosclerosis —
Atherothrombosis.

SPMs inhibitory mechanisms have been evidenced with decrease secretion of pro-IL-18 and
pro-1L-18, and likewise decreased IL-1 and 1L-18 (via diminished caspase activity). SPMs
have also been shown to decrease NLRP3 inflammasome activation via suppressed lipid raft
redox and decreased ROS generation, in addition to preventing the assembly of the
inflammasome via hindering oligomerization of ASC. On a proinflammatory note, caspase-1
can diminish SPM synthesis. ATG inhibitory mechanisms against NLRP3 inflammasome
activation have been evidenced with decreased ROS generation (noted via SIRT3), increased
cholesterol efflux, and inhibited anion flux. Additionally, an assembled NLRP3
inflammasome complex can be ubiquitinated and degraded via autophagic mechanisms, and
thereby decrease caspase 1 activity to diminish IL-18 and IL-18 release. On a
proinflammatory note, defective autophagy promotes a hyperactive response to PAMP/
DAMPs and has been noted with cholesterol crystal substrate. Together, it is quite possible
both SPMs and ATG offer routes to address atherosclerosis and atherothrombosis via these
mechanisms described.
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Table 1:

Intracellular targets in the post-translational modifications associated with endogenous negative inhibition of
NLRP3 inflammasome priming or activation phases.

Post-translational Modification Target Phase of NLRP3 Inflammasome affected  References

(IKK)a Priming via phosphorylation 87
PKA Activation via phosphorylation 91-93
PTPN22 Activation via dephosphorylation 96
TRIM31 Activation via ubiquitination 88
ARIH2 Activation via ubiquitination 89
MARCH17 Activation via ubiquitination 95
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