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NLRP3 Inflammasome and the IL-1 Pathway in Atherosclerosis

Alena Grebe, Florian Hoss, Eicke Latz

Abstract: Inflammation is an important driver of atherosclerosis, the underlying pathology of cardiovascular
diseases. Therefore, therapeutic targeting of inflammatory pathways is suggested to improve cardiovascular
outcomes in patients with cardiovascular diseases. This concept was recently proven by CANTOS (Canakinumab
Anti-Inflammatory Thrombosis Outcomes Study), which demonstrated the therapeutic potential of the
monoclonal IL (interleukin)-1B-neutralizing antibody canakinumab. IL-1f and other IL-1 family cytokines are
important vascular and systemic inflammatory mediators, which contribute to atherogenesis. The NLRP3 (NOD
[nucleotide oligomerization domain]-, LRR [leucine-rich repeat]-, and PYD [pyrin domain]-containing protein 3)
inflammasome, an innate immune signaling complex, is the key mediator of IL-1 family cytokine production in
atherosclerosis. NLRP3 is activated by various endogenous danger signals abundantly present in atherosclerotic
lesions, such as oxidized low-density lipoprotein and cholesterol crystals. Consequently, NLRP3 inflammasome
activation contributes to the vascular inflammatory response driving atherosclerosis development and progression.
Here, we review the mechanisms of NLRP3 inflammasome activation and proinflammatory IL-1 family cytokine
production in the context of atherosclerosis and discuss treatment possibilities in light of the positive outcomes of
the CANTOS trial. (Circ Res. 2018;122:1722-1740. DOI: 10.1161/CIRCRESAHA.118.311362.)
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ardiovascular diseases (CVDs), which comprise several

disorders of the heart and the vasculature, are a severe
global health burden currently representing the leading cause
of death worldwide." Cardiovascular events like myocardial
and cerebral infarction, which are responsible for the major-
ity of CVD deaths, are most commonly caused by athero-
thrombotic occlusion of blood vessels. Preceding longtime
atherosclerotic changes of the blood vessels are driven by dys-
lipidemia and vascular inflammation.

Several environmental, behavioral, and genetic risk fac-
tors, including hyperlipidemia, hypertension, diabetes melli-
tus, Western-type diet, lack of exercise, smoking, male gender,
and aging, have been associated with CVDs. Among these,
elevated blood cholesterol levels, or more precisely LDL-C
(low-density lipoprotein cholesterol) levels, are considered a
major risk factor and were causally linked to the pathogen-
esis of atherosclerosis.? The current conservative treatment
of atherosclerosis is mainly focused on lowering plasma cho-
lesterol levels, but this treatment is insufficient to reduce the
risk of future cardiovascular events in all patients. However,
atherosclerosis has increasingly been recognized as a chronic
inflammatory disease, which paved the way for new thera-
peutic approaches targeting vascular inflammation. Several
clinical studies are currently underway assessing various
anti-inflammatory agents for the treatment of atherosclero-
sis.? Recently, the results of the CANTOS trial (Canakinumab

Anti-Inflammatory Thrombosis Outcomes Study) were pub-
lished.* They demonstrate that treatment with the monoclo-
nal IL (interleukin)-1B—neutralizing antibody canakinumab
reduces the risk of recurrent cardiovascular events in patients
with prior heart attack. In light of this positive outcome of the
CANTOS trial, we review the origin and the impact of the
inflammation hypothesis, with special focus on the NLRP3
(NOD [nucleotide oligomerization domain]-, LRR [leucine-
rich repeat]-, and PYD [pyrin domain]-containing protein 3)
inflammasome and proinflammatory IL-1 family cytokines in
atherogenesis.

Inflammation Hypothesis of Atherosclerosis
Already in the 19th century, leading pathologists like
Rokitansky and Virchow described the inflammatory char-
acter of atherosclerotic plaques. Although Rokitansky con-
sidered the cellular inflammatory changes to be a secondary
phenomenon, Virchow proposed that inflammatory processes
actively contribute to the pathological changes in the arter-
ies and the progression of atherosclerotic plaques.” However,
this concept was almost buried in oblivion in the early 20th
century, when excessive amounts of free and esterified cho-
lesterol were identified in atherosclerotic lesions, and experi-
mental evidence for the causative role of cholesterol-rich diets
in atherosclerosis development in rabbits was provided.® High
concentrations of blood cholesterol, in particular, LDL-C
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Nonstandard Abbreviations and Acronyms

AlM2 absent in melanoma 2

ApoE apolipoprotein E

ASC apoptosis-associated speck-like protein containing a CARD
Ca* calcium

CANTOS  Canakinumab Anti-inflammatory Thrombosis Outcomes Study
CARD caspase recruitment domain

cc cholesterol crystal

CD36 cluster of differentiation 36

CIRT Cardiovascular Inflammation Reduction Trial

CRP C-reactive protein

CvD cardiovascular disease

GSDMD gasdermin D

HDL-C high-density lipoprotein cholesterol

IFN interferon

IL interleukin

IL-18BP IL-18 binding protein

IL-1R IL-1 receptor

IL-1Ra IL-1R antagonist

JUPITER  Justification for the Use of Statin in Prevention: an Intervention
Trial Evaluating Rosuvastatin

K* potassium

LDL-C low-density lipoprotein cholesterol

LDLR LDL receptor

LDM low-dose methotrexate

LRR leucine-rich repeat

MCP-1 monocyte chemoattractant protein 1

Mi myocardial infarction

NE neutrophil elastase

NET neutrophil extracellular trap

NF-xB nuclear factor x-light-chain-enhancer of activated B cells

NLRC NOD-, LRR- and CARD-containing

NLRP NOD-, LRR- and PYD-containing

NOD nucleotide oligomerization domain

oxLDL oxidized LDL

P2X7R purinergic 2X7 receptor

PCSK9 proprotein convertase subtilisin/kexin type 9

POP pyrin-only protein

PR3 proteinase 3

PRR pattern recognition receptor
PYD pyrin domain

TLR Toll-like receptor

were found to be a major risk factor for atherosclerosis.”® In
turn, atherosclerosis was mainly considered as a consequence
of passive lipid accumulation in the vessel wall and patho-
logical changes were mainly attributed to smooth muscle cell
migration and proliferation in response to endothelial injury.’
Consequently, pharmacological lowering of blood cholesterol
levels, in particular, LDL-C with statins, became a standard
drug treatment for atherosclerosis. Although statin therapy
proved to be very effective in improving clinical outcomes,
CVDs still remained the leading cause of mortality in indus-

trialized societies.!”
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In the early 90s, the concept that inflammatory processes
are causally involved in atherosclerosis progression was re-
discovered and started to propagate as the inflammation hy-
pothesis of atherosclerosis. More and more evidence for the
inflammatory nature of atherosclerotic plaques accumulated.
Finally, the identification of elevated CRP (C-reactive pro-
tein) plasma levels as an independent predictive risk factor
for myocardial infarction (MI) and stroke,"' subverted the
paradigm of atherosclerosis being solely a vascular choles-
terol storage disorder. Atherosclerosis was increasingly also
regarded as a chronic inflammatory disease, and a causative
vicious circle of arterial lipid deposition and inflammation
was proposed.'? Since then, epidemiological data emphasiz-
ing the correlation between inflammation and the risk of car-
diovascular events has accumulated.'® In parallel, a plethora
of experimental in vitro, ex vivo, and in vivo studies revealed
the importance of the innate and adaptive immune system
in all stages of atherosclerotic disease development and
progression.'*!3

Etiologic Agent(s) of Low-Grade Chronic
Vascular Inflammation in Atherosclerosis
Inflammation is the typical response of the host immune sys-
tem to microbial infection or tissue injury. However, exces-
sive and unresolved inflammation often results in detrimental

chronic inflammatory diseases.

Accordingly, propagation of the inflammation hypothesis
raised the question of the origin of vascular and low-grade
systemic inflammation. Naturally, pathogenic infections were
considered as initiators of atherosclerosis-associated inflam-
mation. This so-called infection hypothesis is actually a very
old concept dating back to 19th century when Rokitansky and
Virchow described the inflammatory component of athero-
sclerosis.'® Since then, infections with a variety of different
pathogens including bacteria and viruses, such as C. pneu-
moniae, P. gingivalis, cytomegalovirus, human immunode-
ficiency virus, and influenza A virus, have been correlated
to increased CVD risk."” In addition, epidemiological data
suggest that the frequency of cardiovascular events is tran-
siently increased for a few weeks after an acute infection.!'s!
It is suggested that acute infections cause a rapid increase in
inflammation in the coronary arteries, either directly by mi-
crobes present in the vascular wall or indirectly by systemic
inflammation caused by the acute infection.'” This increased
vascular inflammation then contributes to plaque destabiliza-
tion and triggers the coagulation cascade, together favoring
the rupture of vulnerable atherosclerotic plaques and sub-
sequent acute cardiovascular events.”” Taken together, it is,
therefore, likely that either infections with a single pathogen
or the entirety of an infectious burden can contribute to ath-
erogenesis in an indirect manner by promoting local vascular
as well as systemic inflammation.! However, despite pro-
found and constantly increasing evidence for the involvement
of microbial infections in the pathogenesis of atherosclerosis,
to date an etiologic relationship between a single microbe and
atherosclerosis development could not be demonstrated. Yet,
a variety of chronic inflammatory and autoimmune diseases,
such as rheumatoid arthritis, psoriatic arthritis, gout, and



202 ‘6T AN uo Aq Bio'seulnofeye;/:dny wouy papeojumoq

1724 Circulation Research June 8, 2018

systemic lupus erythematosus, were linked to an increased
risk of cardiovascular events.” This underlines the detrimen-
tal role of systemic inflammation, independent of its origin,
as CVD risk factor.

Inflammation can also be triggered by host-derived mol-
ecules associated with cell death, tissue injury, and metabolic
disturbances. A variety of these so-called danger signals have
been implicated in eliciting proinflammatory immune respons-
es in atherosclerotic lesions and thus promoting atherosclero-
sis development. These danger signals comprise, for example,
aggregated host molecules such as crystalline cholesterol or
calcium precipitates, tissue damage- and cell death-associat-
ed molecules such as extracellular matrix components, heat
shock proteins, alarmins, and ATP, as well as modified host
molecules, such as advanced glycation end products and ox-
LDL (oxidized LDL).?

In particular, the finding that modified or aggregated lip-
ids and lipoproteins, such as oxLDL and crystalline choles-
terol, which are abundantly present in atherosclerotic lesions,
represent potent inflammatory molecules,**?’ provided a link
between vascular cholesterol deposition and vascular inflam-
mation. Underlining the importance of endogenous inflamma-
tory triggers over microbial infections, a study using germ-free
atherosclerosis-prone mice demonstrated that initiation and
progression of diet-induced atherosclerotic lesions can occur
in the absence of infectious microbes.?® The authors conclude
that increased levels of circulating cholesterol are sufficient
to initiate diet-induced atherogenesis, which seems to con-
flict with the inflammation hypothesis. However, it turned out
that cholesterol and inflammation are interconnected, because
cellular cholesterol accumulation promotes inflammatory re-
sponses, whereas immune cell activation promotes cholesterol
accumulation by impairing cellular cholesterol efflux.?

Although the mechanisms driving the sustained, nonre-
solving vascular inflammation in atherosclerosis are still not
entirely understood, the current concept proposes that de-
posited material within the atherosclerotic lesion induces the
chronic low-grade inflammation driving atherogenesis.

IL-1 Cytokines in Atherosclerosis
Cytokines are immunomodulatory signaling molecules
and thus central mediators of inflammation. The IL-1 fam-
ily cytokines comprise several proinflammatory cytokines
(IL-1a, IL-1p, IL-18, IL-33, IL-36a, IL-36f3, and IL-36Y)
and 1 anti-inflammatory cytokine (IL-37).*° They are criti-
cally involved in shaping both, the innate and the adaptive
immune responses. Most innate immune cells express either
IL-1 family cytokines, their receptors, or both, and therefore
almost all innate immune cells are affected by IL-1 signal-
ing. Moreover, IL-1 family cytokines also play an important
role in the differentiation, polarization, and function of in-
nate and adaptive lymphoid cells.”!

Signaling of these cytokines is transduced by members
of the IL-1R (IL-1 receptor) family, which form mainly 4
heterodimeric signaling complexes, namely the IL-1, IL-18,
IL-33, and IL-36 receptors. Moreover, the IL-1 cytokine and
receptor families contain various molecules, which interfere
with IL-1 cytokine signaling at different levels, thereby pro-
viding tight control of IL-1-mediated inflammatory responses.

These inhibitory molecules include receptor antagonists (IL-
1Ra [IL-1R antagonist], IL-36Ra, and IL-38), receptor chains
with modified signaling domains interfering with downstream
signaling adapters, therefore acting as negative regulators
(TIRS [Toll/IL-1R8] and IL-1RAcPb [IL-1R accessory pro-
tein b]), and 2 decoy receptors (IL-1R2 and IL-18BP [IL-18
binding protein]), which sequester IL-1o/IL-1f and IL-18,
respectively.’!

To date, the best-studied members of the IL-1 family cyto-
kines are IL-1a, IL-1f3, IL-18, and the IL-1Ra. Among those,
IL-1p has attracted the most attention, because of its crucial
involvement in inflammatory diseases.

Both, IL-1a and IL-1p, 2 proteins encoded by different
genes, signal via IL-1R and therefore have similar down-
stream biological characteristics. However, they are differing
in terms of their cellular source, maturation requirements and
release, which affect their impact on inflammation.

IL-1 cytokines are produced as precursor molecules, which
generally require enzymatic cleavage for maturation to the bi-
ologically active cytokine. In this regard, IL-1a is unique, as
its precursor form is already biologically active.*? It is mainly
present on the surface of cells, particularly on monocytes and
macrophages, in a membrane-bound form.** Although the
plasma membrane protease calpain is capable of cleaving the
IL-1a precursor into its mature form, IL-1a is rarely secreted
on cell stimulation. Therefore, IL-10. predominantly mediates
local inflammatory effects. However, IL-1a is constitutively
expressed by various nonimmune cell types including epithe-
lial cells. Tissue damage and necrotic cell death of IL-10. ex-
pressing cells result in the release of biologically active IL-1a
precursors. Therefore, IL-1a functions as an alarmin, which
can rapidly and potently induce proinflammatory immune re-
sponses contributing to sterile inflammation.*

The activation of IL-1f, which is primarily produced by
hematopoietic cells, including blood monocytes, tissue mac-
rophages, and dendritic cells, is controlled at several levels.
The IL-1f precursor is not constitutively expressed and thus
needs to be induced by signals activating NF-xB (nuclear
factor k-light-chain-enhancer of activated B cells)-mediated
transcription. As such, IL-1f transcription is mediated by pro-
inflammatory stimuli that activate TLRs (Toll-like receptors),
but also by autocrine signaling of IL-1o and IL-1f via IL-1R,
thus providing a positive feedback loop.**

In contrast to IL-1a, pro-IL-1f, the IL-1f precursor, is
not biologically active, but requires proteolytic processing by
caspase- 1, resulting in the secretion of the active IL-1f3 cyto-
kine. Caspase-1, the predominant IL-1 processing protease,
is abundantly present in hematopoietic cells as a proenzyme,
which requires activation by the inflammasome.

However, mature IL-1f3 can also be produced indepen-
dent of caspase-1, especially in the context of local inflam-
mation. In turpentine-induced tissue necrosis, the same
amount of mature IL-1f3 was detected at the injection site in
caspase-1—deficient mice as in wild-type animals, whereas
IL-1p-deficient mice were completely protected.®® Similarly,
in acute neutrophil-dominated arthritis neutrophil PR3 (pro-
teinase 3) was shown to be the major pro—IL-1f3 processing
enzyme, whereas caspase-1 rather gained significance in a
chronic model of arthritis.*® Because neutrophils die within



202 ‘6T AN uo Aq Bio'seulnofeye;/:dny wouy papeojumoq

hours after extravasation to inflammatory sites, it can be ex-
pected that they release pro—IL-1f3 from intracellular stores.
Mature caspase-1 has a very short half-life*’ and is therefore
not well suited for the extracellular maturation of pro—IL-1f.
In contrast, extracellular IL-1f3 precursors can be processed
by neutrophil PR3.%® Further proteases such as NE (neutrophil
elastase), MMP9 (matrix metalloprotease 9), and granzyme A
were also implicated in the extracellular processing of pro—
IL-1B.* Additionally, it was shown that mast cell chymase, a
constituent of secretory granules that are released on mast cell
degranulation, can generate active IL-1f3.%

The local activation of IL-1f is central in mediating the
proinflammatory response resulting in activation of secondary
inflammatory mediators, including IL-6. In turn, IL-6 acts sys-
temically to elicit the acute phase response with hepatic pro-
duction of acute phase proteins, such as CRP, fibrinogen, and
plasminogen activator inhibitor.*! Therefore, IL-1f3 has a crucial
role in activating the humoral arm of the innate immune system.

IL-18 is biologically and structurally related to IL-1f3.
Similar to IL-1, it is produced as an inactive precursor, which
requires cleavage by caspase-1 for maturation to the biologi-
cally active cytokine. Extracellular maturation of IL-18 can
also be achieved by neutrophil PR3.*> However, similar to IL-
la, IL-18 is constitutively expressed in various cell types and
can also exist as a membrane-bound form in human macro-
phages.* It is suggested that IL-18, because of its similarities
to IL-1P3, contributes to inflammasome-mediated caspase-
1-dependent autoinflammatory diseases, as discussed later.

A plethora of data implicates a role of IL-1 in athero-
sclerosis and CVDs. In humans, increased levels of IL-1f3
were observed in atherosclerotic compared with normal hu-
man coronary arteries and were positively correlated to dis-
ease severity.* Furthermore, IL-1 was shown to act on many
cells present in the human atheroma. For example, it induces
various inflammatory functions in human vascular endothelial
cells, including procoagulant activity, increased expression
of adhesion molecules, important for leukocyte recruitment,
and production of MCP-1 (monocyte chemoattractant protein
1).4546 Together these changes enable the increased recruit-
ment of monocytic phagocytes, which were strongly implicat-
ed in atherogenesis. IL-1 also acts on human vascular smooth
muscle cells and promotes their proliferation.”’” However, hu-
man vascular endothelial cells and smooth muscle cells are
not only target cells for IL-1, but can also produce IL-1 in
response to inflammatory stimuli.*$+

The proatherogenic character of IL-1 cytokines was fur-
thermore demonstrated in various animal models.

In pigs, chronic administration of IL-1f3 resulted in intimal
thickening of the arteries.™® Consistently, IL-1 was implicated
in neointima formation after vessel wall injury, which was
significantly limited by IL-1 inhibition by application of IL-
1Ra.*! Similarly, in mice injury-induced neointima formation
was promoted by IL-1Ra deficiency,*? and accordingly reduced
by IL-1Ra treatment or a deficiency in IL-1R and IL-1§, but
not IL-1a,> indicating a particular role for IL-1f3 signaling in
neointima formation in response to vessel wall injury.

Mice with constitutively increased IL-1 signaling because
of IL-1Ra deficiency develop a transmural arterial inflam-
mation leading to lethal aneurysms later in life.>* Therapeutic
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administration of IL-1Ra inhibits fatty-streak formation in
Apoe™~ mice (apolipoprotein E-deficient), indicating an impor-
tant role of IL-1 in early atherosclerotic lesion development.*
Consistently, overexpression of IL-1Ra reduced diet-induced
atherosclerotic lesion development in Ldlr”~ (LDL receptor-
deficient) mice, and IL-1Ra deficiency promoted spontane-
ous development of atherosclerotic lesions in Apoe™ mice.*
Consistently, IL-13 deficiency attenuated spontaneous develop-
ment of atherosclerotic lesions in Apoe™™ mice” and transplan-
tation of IL-10o/IL-1p~deficient bone marrow into Ldlr”~ mice
impaired diet-induced atherosclerosis.” Moreover, administra-
tion of a monoclonal antibody targeting IL-1f3 reduced the devel-
opment of diet-induced atherosclerotic lesions in Apoe™~ mice.*®

However, a study investigating the effects of IL-1R de-
ficiency on diet-induced atherosclerosis in Apoe™ mice re-
vealed a reduction in atherosclerotic lesion size. Yet, the size of
the vessel lumen was decreased because of impaired outward
vessel remodeling, and the atherosclerotic lesions presented
signs of plaque instability, including increased intraplaque
hemorrhage, reduced vascular smooth muscle cell, and de-
creased collagen content.”” These results indicate that because
of its profibrotic functions and proliferative effects on smooth
muscle cells, IL-1 can contribute to lesion stability, suggesting
a protective role for IL-1 signaling in advanced atherosclerotic
lesions. Nevertheless, a wealth of data demonstrates overall
proatherogenic effects of IL-1 cytokines, in particular, during
early atherosclerosis development and progression.

The proatherogenic role of IL-1 was predominantly stud-
ied addressing IL-1f or blockage of IL-1ca and IL-1f3 signal-
ing by IL-1Ra. However, IL-1a could also be implicated in
atherogenesis. Apoe™ mice transplanted with bone marrow of
Il-107"~ mice showed a more pronounced reduction of athero-
sclerotic plaque size than animals transplanted with IL-1p3-
deficient bone marrow, indicating a more prominent role of
IL-1a in atherosclerosis development.®® Similar results were
obtained by transplantation of Ldlr”~ mice with IL-1a~ and
IL-1p-deficient bone marrow, respectively.®!

Moreover, 1L-18 was associated to atherosclerosis de-
velopment. Similar to IL-1, IL-18, and IL-18R were found
to be expressed in human atheroma cells, including vascular
endothelial cells, smooth muscle cells, and macrophages.®
Furthermore, blocking IL-18 activity in Apoe™ mice in vivo by
overexpression of IL-18BP% and IL-18 deficiency in Apoe™
mice® resulted in impaired atherosclerosis lesion development.
IL-18 was originally described as IFN (interferon)-y—inducing
factor and indeed, Whitman et al% showed that intraperitoneal
injections of IL-18 into Apoe™ mice aggravated atherosclero-
sis development in an IFN-y—dependent manner.

More recently, researchers started to evaluate the poten-
tial beneficial impact of the anti-inflammatory IL-1 family
cytokine IL-37 on atherogenesis. Current results indicate that
IL-37 can modulate atherosclerosis progression and therefore
represents a promising therapeutic target (recently reviewed
by McCurdy et al®).

Inflammasomes: Central Producers
of IL-1 Family Cytokines
Innate immune cells detect pathogen-derived or sterile dan-
ger signals (also known as pathogen-associated molecular
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patterns or damage-associated molecular patterns, respec-
tively) via germ line-encoded PRRs (pattern recognition
receptors). Inflammasome formation is induced by several
intracellular PRRs. On activation, they form large multimo-
lecular signaling platforms, which among others catalyze the
maturation of pro—IL-1f3 and pro-IL-18.5

Inflammasome research has become prominent within the
field of innate immunity since the first report of inflammasomes
in 2002.% The number of receptors described to be capable of
inducing inflammasome formation has been constantly grow-
ing. Today, 5 PRRs are widely accepted as inflammasome re-
ceptors, namely NLRP1, NLRP3, NLRC4 (NOD-, LRR-, and
CARD [caspase recruitment domain]-containing protein 4])
and AIM2 (absent in melanoma 2), and pyrin.*” However, the
role of other PRRs, such as RIG-I (retinoic acid-inducible gene
I), IFI-16 (IFN-vy inducible protein 16), NLRP6, NLRP7, and
NLRP12, as inflammasome-inducing receptors is either not
well-defined or controversially discussed.” Depending on their
receptors, inflammasomes become activated by a diverse set of
pathogen-associated molecular patterns and damage-associat-
ed molecular patterns. For example, NLRP1 detects anthrax
lethal toxin in mice, NLRC4 is activated by different NAIPs
(NOD-like receptor family apoptosis inhibitory proteins)
which recognize flagellin or components of the bacterial type
IIT secretion system, AIM2 binds cytosolic double-stranded
DNA and pyrin is activated by toxin-induced modifications of
Rho-GTPases.” In this regard, NLRP3 is unique, because it is
activated by a large variety of diverse pathogen-associated mo-
lecular patterns and damage-associated molecular patterns.”

Inflammasome assembly is organized in a hierarchical or-
der and in most cases requires a sensor protein, an adapter
protein, and an effector protein.”’” On activation, the inflam-
masome receptor either undergoes conformational changes
allowing for self-oligomerization or several receptors bind
to a common oligomeric ligand.”’ In both cases, receptor
oligomerization results in the recruitment of the common in-
flammasome adaptor ASC (apoptosis-associated speck-like
protein containing a CARD). ASC is composed of 2 death do-
mains; an N-terminal PYD and a C-terminal CARD, both of
them known to promote oligomeric homotypic interactions.”
Thus, recruitment of monomeric ASC molecules to the oligo-
merized receptor signaling domains, promotes the formation
of an ASC-PYD filament.”™ The CARDs of ASC molecules
face to the outside of the PYD filament. Via homotypic
CARD-CARD interactions, they can either crosslink differ-
ent ASC-PYD filaments or recruit the immature form of the
inflammasome effector caspase-1.7® Pro-caspase-1 oligo-
merization on the ASC filament enables proximity-driven
autocatalytic caspase-1 maturation.®”% Cleaved caspase-1
in turn forms an active heterotetramer which can process pro—
IL-1p and pro-IL-18,%-% and induces the release of their ma-
ture forms, which exert potent proinflammatory effects.5” 483
Moreover, it was recently discovered that mature caspase-1
also mediates proteolytic cleavage of GSDMD (gasdermin
D),%47 which in turn forms oligomeric membrane pores re-
sponsible for inflammasome-induced inflammatory cell death
termed pyroptosis.**-%

In homeostasis, the homotypic oligomerization events
during inflammasome assembly are inhibited by a high energy

barrier. However, any preformed cluster can act as a seed that
lowers the activation threshold and allows for a prion-like po-
lymerization. Once inflammasome formation is initiated, all
cellular ASC molecules are recruited into the inflammasome
in an irreversible process which is no longer dependent on the
initial trigger.”® Thereby, inflammasome assembly strongly
amplifies the initial activation signal.®

Inflammasome activation causes a very potent self-ampli-
fying response, which might cause damage to the host if not
properly controlled. Therefore, a multitude of checkpoints
evolved, including gene expression control, posttranslational
modifications, autophagy of inflammasome complexes and var-
ious other positive and negative feedback loops.’* Furthermore,
POPs (pyrin-only proteins), COPs (CARD-only proteins), and
splice variants of ASC, such as ASC-c, can act as decoy inter-
action partners for inflammasome components containing the
respective domains.”® In addition, some POPs were shown to
interfere with NF-xB signaling which is required for transcrip-
tional induction of some inflammasome sensors and pro-IL-
1. Caspase-1 activity is limited by the short half-life of active
caspase-1°7 and, as described above, the IL-1 signaling path-
way is also tightly controlled on cytokine and receptor level by
various mechanisms, such as transcriptional and translational
regulation of cytokine synthesis, requirement for proteolytic
cytokine maturation, and presence of receptor antagonists,
negative regulators, and decoy receptors.’! Nevertheless, dys-
regulation of inflammasome activation can result in detrimen-
tal IL-1pB—driven chronic autoinflammatory disorders.

Autoinflammatory diseases are primarily driven by the
innate immune system and are therefore not to be confused
with autoimmune diseases, which are caused by autoreactive
antibodies or other dysregulated effectors of the adaptive im-
mune system. Autoinflammatory diseases can be caused by
misbalanced regulation of innate inflammatory processes as
well as by inherited or newly acquired genetic mutations.’?
For instance, gain-of-function mutations in the genes coding
for the inflammasome sensors NLRP3, NLRC4, and pyrin
were reported to cause inflammasome-dependent autoinflam-
matory diseases, which commonly present with systemic
inflammation, periodic fever, rashes, neutropenia, myalgia,
and fatigue. Among those, familial Mediterranean fever is
the most common autoinflammatory disease, which is caused
by mutations in the gene coding for pyrin. Mutations in the
NLRP3 gene cause a spectrum of different inflammasome-
dependent diseases, summarized as cryopyrin-associated pe-
riodic syndromes.”

Patients with autoinflammatory diseases benefit from
therapies interfering with IL-1 signaling, such as anakinra, a
recombinant IL-1Ra, and rilonacept, which traps IL-1o and
IL-1p. Moreover, successful treatment with monoclonal IL-
1pB-neutralizing antibodies, such as canakinumab, highlights
the important pathological role of IL-1f3 in these inflamma-
some-driven autoinflammatory disorders.***?

NLRP3 Inflammasome
Activation of the NLRP3 inflammasome (Figure 1) is regu-
lated at several levels and in macrophages usually requires 2
independent signals: an initial priming signal activating a PRR
or cytokine receptor induces the transcriptional upregulation
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Figure 1. IL (interleukin)-1f secretion in response to NLRP3 (NOD [nucleotide oligomerization domain]-, LRR [leucine-rich
repeat]-, and PYD [pyrin domain]-containing protein 3) inflammasome activation. Pathogen-associated molecular patterns (PAMPs)
and damage-associated molecular patterns (DAMPs) induce proinflammatory NF-kB (nuclear factor k-light-chain-enhancer of activated
B cells) signaling after detection by PRRs (pattern recognition receptors). The transcription factor NF-xB localizes to the nucleus and
among others induces the expression of the IL-1f precursor pro-IL-13 and NLRP3. Cholesterol crystals can be phagocytozed or oxLDL
(oxidized low-density lipoprotein) can be taken up via receptor-mediated phagocytosis resulting in cholesterol crystal formation within
phagolysosomes. The inactive NLRP3 protein can be activated by crystal-induced lysosomal rupture or a decrease in the intracellular
potassium concentration caused, for example, by the ATP-gated P2X7R (purinergic 2X7 receptor). On activation, NLRP3 recruits the
adapter molecule ASC (apoptosis-associated speck-like protein containing a caspase recruitment domain), which links NLRP3 to
pro-caspase-1. Caspase-1 is activated by autoproteolysis and formation of the enzymatically active heterotetramer. Active caspase-1
catalyzes the processing of IL-1f and the pyroptosis mediator GSDMD (gasdermin D).

of NLRP3 and pro-IL-1f via NF-xB signaling. A second
stimulus is required to activate NLRP3 to induce inflamma-
some assembly.** In addition, fast, nontranscriptional priming
processes via posttranslational modifications of presynthe-
sized NLRP3 protein were described.”>” However, the ef-
fect of posttranslational modifications on NLRP3 activation
is rather complex and incompletely understood, but it seems
to depend on the exact position and type of the posttransla-
tional modification. For example, phosphorylation at ser-
ine 5 within the PYD of NLRP3 blocks its activation, most
likely by interfering with a PYD-PYD interaction interface,
thereby preventing receptor oligomerization.”® Consistently,

phosphorylation and nitrosylation at other positions were also
described to inhibit NLRP3 activation.”%?

As mentioned above, the NLRP3 inflammasome can be
activated by a large number of chemically and structurally
diverse pathogen-associated molecular patterns and damage-
associated molecular patterns. Accordingly, it is quite unlikely
that all of these stimuli directly bind to NLRP3. Hence, it was
suggested that NLRP3 might indirectly sense these stimuli
by a common upstream mediator.'® Although some common
events upstream of NLRP3 have been postulated by now, none
of them seems to be capable of integrating all different trig-
gers. The best-characterized activators can be summarized
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as either inducers of phagolysosomal rupture or as modula-
tors of ion homeostasis. Additionally, mitochondrial damage
and release of cardiolipin, mitochondrial DNA, and reactive
oxygen species have been discussed as further common up-
stream mechanisms for NLRP3 activation.'?>%21% However,
although these events occur simultaneously, it was shown that
only potassium (K*) efflux activates NLRP3.!” In homeosta-
sis, the cytosolic concentration of K* is much higher than in
the extracellular space, and the electrochemical gradient is
tightly controlled.” Some classical NLRP3 activators, such
as the bacterial toxins gramicidin, nigericin, and valinomycin,
act as ionophores and similar to the ATP-gated P2X7R (puri-
nergic 2X7 receptor) allow for a net K* efflux.”>!%-110 Besides
K* efflux, calcium (Ca?*) fluxes have also been associated with
NLRP3 activation. Some reports claim a significant role for
Ca?* mobilization, whereas the overall evidence rather sug-
gests that an elevated intracellular Ca®* concentration is not
involved in NLRP3 activation.”

Although the involvement of phagolysosomal rupture in
NLRP3 inflammasome activation by crystals is widely accept-
ed, the exact downstream mechanism that regulates NLRP3
is still not completely understood. NLRP3 was postulated to
sense lysosomal damage because of cathepsin B release.!!! Yet,
other experiments with cathepsin B—deficient mice challenged
this idea and rather suggest a combined effect of several ca-
thepsins, which are all blocked by the originally used inhibi-
tor.!'>!3 Indeed, a recent study could confirm that multiple
cathepsins seem to have redundant roles and only deficiency
in or blocking of several cathepsins prevented crystal-induced
cell death."* Furthermore, crystal-induced cell death is in-
dependent of NLRP3 and caspase-1, although blocking of
multiple cathepsins still blocked the crystal-induced IL-1 re-
lease.!'>!"* Another report places lysosomal damage upstream
of the TAK1-JNK pathway which can regulate inflamma-
some activation by promoting ASC oligomerization.''> Taken
together, there is a large body of evidence linking crystal-
induced lysosomal damage and cathepsin release to NLRP3
activation and cell death, however, further investigation is
needed to completely understand this relationship.

Recently, 3 independent screens identified, that the inter-
action of the NEK7 (never in mitosis A-related kinase 7) with
NLRP3 is a prerequisite for its activation.''*''® However, the
exact mechanism of this regulation still needs to be identified.

Besides of cellular components, the innate immune system
also comprises humoral factors including acute phase proteins
and complement factors, which are classically considered as
opsonins and lytic agents.!'*'** However, factors of the com-
plement system have also been shown to upregulate IL-1f3
expression by promoting TLR signaling.'*! Moreover, comple-
ment activation resulting in the formation of the complement
membrane attack complex at subcytotoxic levels was shown
to activate the NLRP3 inflammasome.'?>!? Interestingly, ca-
thepsin L, which was also linked to crystal-induced inflamma-
some activation, is responsible for the intracellular cleavage of
the complement factor C3.'?* Furthermore, at least in T cells,
complement signaling was shown to regulate the expression of
nutrient channels, the uptake of amino acids and glucose, gly-
colysis, and oxidative phosphorylation.'?* Cross talk between
metabolism and the complement system could be shown for

a variety of pathways, and the resulting complement—metabo-
lism—inflammasome axis was reviewed in detail elsewhere.'?
The standard concept for NLRP3 activation includes 2
different signals for priming and activation, which is com-
monly referred to as canonical inflammasome activation.
However, it is possible that both signals are delivered by one
molecule, resulting in noncanonical activation of the NLRP3
inflammasome. In the murine system, it was demonstrated
that intracellular LPS can bind caspase-11, which results in a
TLR4-independent activation of NLRP3.!%%!?” In humans, the
functional homologs are caspase-4 and caspase-5.1251%

The activation of the NLRP3 inflammasome has been im-
plicated in a multitude of diseases. In contrast to inflamma-
some-triggered autoinflammatory diseases, they may not be
intrinsically caused by NLRP3, but are closely linked to and
often aggravated by NLRP3 inflammasome activation, render-
ing NLRP3 activation a serious health issue.

Macrophages are professional phagocytes, which try to
clear various kinds of particulate matter, including aggregated
or crystalline materials. However, these aggregates or crys-
tals cause phagolysosomal rupture and reactive oxygen spe-
cies and consequently activate the NLRP3 inflammasome. As
such, NLRP3 is activated by a broad variety of exogenous and
endogenous particulate materials, which are widely linked to
chronic inflammatory diseases.

For example, inhalation of asbestos, silica, and other crys-
tals, which were shown to activate the NLRP3 inflammasome,
lead to the development of progressive pulmonary fibro-
sis L3031 Eyen everyday inhaled particulate matter because
of air pollution causes NLRP3 activation'* and most likely
contributes significantly to a large number of chronic inflam-
matory airway diseases and systemic inflammation, which
could contribute to the risk of CVDs.

Moreover, neurodegenerative diseases such as Alzheimer,
Parkinson, and even multiple sclerosis are strongly influenced
by NLRP3. Aggregates of 3-amyloid in case of Alzheimer dis-
ease or a-synuclein in case of Parkinson disease are NLRP3
inflammasome activators promoting inflammation and cell
death.® Mice lacking NLRP3 showed a delay in experimental
autoimmune encephalomyelitis development, less inflamma-
tion, and weaker cognitive symptoms.33

NLRP3 activation was also linked to various metabolic
disorders, such as gout and type 2 diabetes mellitus. In gout,
monosodium urate crystals deposited within the joints po-
tently activate the NLRP3 inflammasome.'** Type 2 diabetes
mellitus is generally associated with increased levels of in-
flammatory cytokines, including IL-1f.!* It was shown that
the pancreatic islet amyloid polypeptide, which is co-secret-
ed with insulin, forms aggregates, which induce NLRP3-
dependent IL-1f secretion as well as NLRP3-dependent cell
death of insulin-producing [3-cells.'*!3¢ Moreover, saturated
fatty acids were also shown to activate NLRP3 and thus pro-
mote type 2 diabetes mellitus.'¥’

Recently, hexokinase, a glycolytic enzyme, has been in-
volved in NLRP3 inflammasome activation.'*® Inhibition
of hexokinase by bacterial-derived N-acetylglucosamine,
glycolytic inhibitors, or feedback inhibition by glycolytic
products results in hexokinase release from the mitochon-
dria, which triggers NLRP3 activation in a K* efflux- and
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pyroptosis-independent manner. This not only defines a meta-
bolic enzyme as a PRR, but it also supports the concept that
NLRP3 can act as general sensor for so-called homeostasis-
altering molecular processes'* and does not rely on a specific
pathogen-derived ligand. However, this data are conflicting
with older studies, showing that mMTORC1 (mechanistic tar-
get of rapamycin complex 1)- and PKM2 (pyruvate kinase
isozyme M2)-dependent induction of glycolysis via hexoki-
nase is required for NLRP3 activation.'***! Yet, other studies
have also provided evidence for an intense cross talk between
metabolic conditions and NLRP3 activation. For example, 3
hydroxybutyrate, a ketone metabolite, produced during star-
vation or low carbohydrate prevalence, acts as an inhibitor of
NLRP3!*? and omega-3 fatty acids were also shown to act as
negative regulators of the NLRP3 inflammasome.'*'* The
topic of metabolic regulation of the inflammasome pathways
and innate immunity in general has recently been reviewed in
detail elsewhere.!?145-147

Although chronic NLRP3 activation is generally consid-
ered detrimental to the host an evolutionary driving force for
its expression and functionality is expected.

Role of the NLRP3 Inflammasome
in Atherogenesis
Because the NLRP3 inflammasome, a major producer of
cleaved IL-1 family cytokines, links metabolic disturbances
and inflammation, its role in the pathogenesis of atherosclero-
sis was intensely studied.

First experimental evidence for the importance of NLRP3
inflammasome activation in diet-induced atherosclerosis de-
velopment and progression was provided by bone marrow
transplantations of Ldlr”~ mice with bone marrow-derived
from either wild-type, Nlrp3~-, Asc™”~, or Il-1o”"/1l-13~~
mice.”> Bone marrow deficiency of NLRP3, ASC, or IL-1a
and IL-1f resulted in significantly reduced development of
atherosclerotic lesions compared with Ldlr~~ mice transplant-
ed with wild-type bone marrow. However, a study using Apo
e~ INlrp3~-, Apoe™~/Asc™~, and Apoe™/Caspase-1~- double
knockout mice did not reveal a reduction in atherosclerosis
progression, suggesting that atherogenesis can progress inde-
pendently of NLRP3 inflammasome activation.'*® These dis-
crepancies might be explained by the different experimental
conditions applied, including the mouse model, the gender,
the time of high-fat diet feeding as well as the type of ath-
erogenic diet. Indeed, the second study'*® used Apoe™~ mice,
which show faster and more severe diet-induced atherosclero-
sis development than Ldlr~- mice, and even develop sponta-
neous atherosclerosis under prolonged chow diet.'* Moreover,
the mice received a much stronger atherogenic diet with more
than 8-fold higher cholesterol content, and were fed for a
period of 11 weeks,'*® thus 3 weeks longer than in the other
study.® Although it is likely that these conditions were used to
ensure cholesterol crystals (CC) formation and NLRP3 activa-
tion, it is possible that the overabundance of dietary cholester-
ol in combination with the prolonged feeding period triggers
other inflammatory pathways apart from the NLRP3 inflam-
masome, potentially making NLRP3 inflammasome activa-
tion dispensable for further atherosclerosis development and
progression at later stages of the disease. This hypothesis is in
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line with observations on the requirement for IL-1[3 signaling
in atherogenesis. Ldlr~”~ mice transplanted with bone marrow
of II-13~~ mice develop only insignificantly smaller athero-
sclerotic lesions than control mice after receiving an athero-
genic diet for a prolonged period of 16 weeks.®' In the same
study atherosclerotic lesion development and progression was
significantly impaired in Ldlr~~ mice transplanted with bone
marrow of II-1a~~ mice. This indicates that IL-1q, rather than
IL-1p is involved in atherogenesis after prolonged exposure
to large amounts of atherogenic triggers. Of note, the alarm-
ins IL-1a and high mobility group box protein 1 (HMGB1),
which potently induce proinflammatory immune responses,
can be released by macrophages in an inflammasome-inde-
pendent manner®'>! and were both shown to promote athero-
genesis.®!3 Therefore, it is possible that other innate immune
signaling pathways with redundant roles become activated
under these conditions and bypass the proatherogenic effects
of the inflammasome-dependent cytokines IL-1[3 and IL-18.
The NLRP3 inflammasome is controlled by priming and
multiple signaling pathways which regulate NLRP3 posttran-
scriptional modifications. Hence, differences in the local or
systemic environment, including differences in the micro-
biome composition, likely influence the gene dose effect.
NLRP3 bone marrow deficiency in Ldlr~~ mice was recently
shown to impair exaggerated atherogenesis due to other path-
ways contributing to the local inflammatory response, yet in
these studies, NLRP3 deficiency alone showed only small ef-
fects.!s313 Tt is possible that confounding factors like gender,
the microbiome or environmental conditions influenced the
contribution of NLRP3 toward atherogenesis. However, de-
spite these discrepancies, several other studies supported the
initially proposed importance of the NLRP3 inflammasome in
atherosclerosis. For example, two independent studies demon-
strated that Apoe™~/Caspase-1~/~ double knockout mice show
impaired development of diet-induced atherosclerotic lesions
when being fed an atherogenic diet with a lower cholesterol
content,>>15 as well as a reduced spontaneous development
of atherosclerotic lesions after chow diet feeding for 26
weeks.'* A more recent study has confirmed the importance
of caspase-1 and caspase-11 activation in murine diet-induced
atherogenesis in Ldlr~- mice transplanted with bone marrow
of Caspase-1/11~~ mice, which develop significantly smaller
atherosclerotic plaques than Ldlr”~ mice transplanted with
control bone marrow."” Further evidence for the involvement
of NLRP3 inflammasome activation in diet-induced athero-
genesis was provided by lentiviral gene silencing of Nirp3 in
Apoe™~ mice, which impaired atherosclerosis progression.!'s
A recent study demonstrated that cholesterol accumulation
in myeloid cells activates the NLRP3 inflammasome. In turn,
a deficiency in NLRP3 or caspase-1/11-reduced atheroscle-
rotic lesion size in Ldlr~~ mice lacking myeloid cholesterol
efflux transporters ABCA1 (ATP-binding cassette transporter
Al) and ABCG1 (ATP-binding cassette transporter G1).!5* In
addition, it was recently reported that the NLRP3 inflamma-
some is triggered by Western diet early during atherogenesis,
even before significant plaque burden can be observed. After 8
weeks of Western diet feeding, Ldlr~-/NIlrp3~~ double knock-
out mice develop significantly reduced atherosclerotic lesion

sizes.'”
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Several epidemiological studies provided indirect evidence
for the importance of the NLRP3 inflammasome in humans by
correlating aortic NLRP3 expression and CVD prevalence. It
was found that patients with coronary atherosclerosis display
high aortic expression of NLRP3, which is directly correlating
to disease severity and several clinical risk factors for CVD,
including smoking, hypertension, diabetes mellitus, LDL-C,
and HDL-C (high-density lipoprotein cholesterol) levels.'®
Furthermore, 2 independent studies have shown significantly
increased expression of NLRP3, ASC, caspase-1, IL-1f, and
IL-18 in human carotid atherosclerotic plaque tissue obtained
by carotid endarterectomy in comparison to nonatherosclerot-
ic mesenteric or iliac arteries.'®"'®> NLRP3 expression levels
were significantly higher in symptomatic compared with as-
ymptomatic patients,'®? and all NLRP3 inflammasome signal-
ing components were higher expressed in unstable compared
with stable atherosclerotic plaques.'®' Moreover, NLRP3 pro-
tein levels in peripheral blood monocytes were found to be in-
creased in patients with acute coronary syndrome and directly
correlated to disease severity.'®® This study even asserted a
prognostic value of NLRP3 protein levels in peripheral blood
monocytes for the prediction of major adverse events in pa-
tients with acute coronary syndrome.

To date, studies on potential associations between NLRP3
polymorphisms with CVDs revealed contradicting results. One
study demonstrated a significant association between the NLRP3
rs10754558 polymorphism and the occurrence and severity of
coronary artery disease as well as increases in IL-1[3 serum con-
centrations.'™ This finding could be explained by a prior func-
tional analysis of the NLRP3 rs10754558 polymorphism, which
is located in the 3" untranslated region of the NLRP3 gene, and
was shown to increase NLRP3 mRNA stability.'® Conversely,
another study testing various NLRP3 polymorphisms could not
confirm this result.'®® However, the cohort size in both studies
was relatively small, therefore, larger studies will be needed to
clearly assess the effect of NLRP3 polymorphisms on CVDs.

Nevertheless, increasing experimental evidence and epi-
demiological associations are supporting the critical contribu-
tion of the NLRP3 inflammasome to atherogenesis and CVDs.

Atherogenic Triggers of
NLRP3 Inflammasome Activation

Within human carotid atherosclerotic plaques, components
of the NLRP3 inflammasome are mainly expressed in mac-
rophages and foam cells, and only sporadically in smooth
muscle cells.'*'®> Consequently, the role of NLRP3 inflam-
masome activation in the pathogenesis of atherosclerosis is
mainly studied in monocytes and macrophages, which are
abundantly present in the developing atherosclerotic lesion.

NLRP3 inflammasome activation in vitro requires an ini-
tial priming signal via receptors that activate NF-kB—mediated
transcription, such as TLRs or IL-1R. Increased expression of
various TLRs was observed in murine'®”'®® and human!'¢*17
atherosclerotic plaques. Furthermore, genetic deletion of
MyD88 (myeloid differentiation primary response protein
88), the key adaptor protein for TLR and IL-1R signaling, in
Apoe™ mice reduced diet-induced atherosclerotic lesion de-
velopment,'""17? suggesting proatherogenic roles of TLR or
IL-1R signaling. In turn, several studies investigated the role

of individual TLRs in murine atherogenesis (reviewed in more
detail elsewhere®*'7®). TLR2 and TLR4 are considered to be
proatherogenic because genetic deletion of these receptors
results in reduced diet-induced atherosclerotic lesion develop-
ment in mice.'”!'” Consistent with this, in particular, cell sur-
face TLRs are involved in recognition of various endogenous
danger signals that were implicated in atherosclerosis devel-
opment, such as extracellular matrix components, cell death-
associated molecules, and oxLLDL.?* All these molecules can,
therefore, provide or contribute to the required priming stimu-
lus for NLRP3 inflammasome activation in vivo.

One of the most extensively studied danger signals in
atherosclerotic plaques is oxLDL. Macrophage scavenger re-
ceptors, such as CD (cluster of differentiation) 36, mediate
the uptake of oxLDL into macrophages.!”® Moreover, oxLDL
binding to macrophage CD36 induces the assembly of a TLR4/
TLR6 heterodimer, resulting in NF-xB signaling and priming
of these cells for inflammasome activation.?* Recently, oxLDL
immune complexes, which constitute 90% of circulating ox-
LDL, were also shown to prime dendritic cells and macro-
phages for inflammasome activation via Fcy receptor, CD36,
and TLR4, which was even more potent than oxLDL priming
via CD36 and the TLR4/TLR6 heterodimer.'”

Crystalline cholesterol was the first NLRP3 activator asso-
ciated with atherosclerosis. CCs, a hallmark of advanced ath-
erosclerotic plaques, were implicated in plaque instability and
vulnerability.'”*!”” Moreover, they are already present in early
diet-induced atherosclerotic lesions, corresponding to the first
appearance of plaque macrophages.” Stimulation of murine and
human macrophages in vitro demonstrated the potential of CCs
to activate the NLRP3 inflammasome, suggesting an important
role for CC-mediated NLRP3 inflammasome activation and
subsequent IL-1f secretion in the development and progression
of atherosclerosis.”>* Comparable to other previously known
crystalline NLRP3 activators, CCs were shown to activate the
NLRP3 inflammasome via lysosomal damage. Overexpression
of the TFEB (transcription factor EB), the master regulator of
lysosomal biogenesis, which activates lysosomal and autopha-
gy genes in response to lysosomal stress, rescued oxLDL- and
CC-mediated lysosomal dysfunction, and reduced IL-1{3 secre-
tion in response to these atherogenic triggers.”® Consistently,
autophagy deficiency in macrophages increased CC-mediated
inflammasome activation, and Apoe™ mice with macrophage-
specific autophagy deficiency developed enlarged atherosclerot-
ic plaques with increased CC content.'®! These results indicated
an atheroprotective function of macrophage autophagy by
dampening CC-mediated NLRP3 inflammasome activation.

Macrophages can be efficiently primed by oxLDL for
CC-mediated NLRP3 inflammasome activation.”> However,
oxLDL uptake by CD36 additionally results in intracellular
cholesterol crystallization and can thereby directly activate
the NLRP3 inflammasome in macrophages.”” Of note, CD36
deficiency in Apoe™ mice resulted in impaired atherosclerotic
lesion development with significantly reduced CC deposition
within the atherosclerotic lesions. This was furthermore as-
sociated with decreased serum concentrations of IL-1 family
cytokines. These results indicate the important atherogenic
role of oxLDL in diet-induced atherosclerosis by demonstrat-
ing its dual role as NLRP3 priming and activating stimulus.
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Moreover, a recent study demonstrated that CCs act in a feed-
forward loop by increasing CD36 expression, thereby promot-
ing further oxLDL uptake into macrophages.'®*

In whole blood assays, CCs were shown to activate the
complement system. This pathway is considered highly rele-
vant for the activity of inflammasomes in vivo as the activated
complement factors provided the priming signal for mono-
cytes and promoted the phagocytosis of CCs.'®? Furthermore,
CCs were shown to trigger the release of neutrophil extra-
cellular traps (NETs), which in turn prime macrophages.'®*
Moreover, atherosclerosis development and IL-1{ plasma lev-
els were reduced in NET-deficient mice, which lack both PR3
and NE, indicating an important role of NET formation for
NLRP3 inflammasome priming and atherogenesis in vivo.'$*

However, although NETs were repeatedly demonstrated
to be associated with atherosclerosis'® % their exact role in
disease pathogenesis remains under debate. Although phar-
macological inhibition of NETosis reduced atherogenesis,'®’
experiments in NE-deficient mice, which display impaired
NET formation, showed no reduction in atherosclerotic lesion
size.'®® However, NET-associated extracellular DNA was also
shown to activate plasmacytoid dendritic cells, which boosts
atherosclerosis via IFN-a.'* It should be kept in mind that the
2 NETosis-related enzymes PR3 and NE were also reported
to directly cleave pro-IL-1f (see above), which complicates
the interpretation of the interplay between NETosis, inflam-
masomes, IL-1[3, and atherosclerosis.

Nevertheless, NET formation can also be promoted by IL-
1B and IL-18,"" suggesting that CCs might induce a vicious
circle of NLRP3 inflammasome activation in macrophages
and macrophage priming by NET-releasing neutrophils.

The above-mentioned studies highlight that both oxLDL
and CCs represent important, interrelated danger signals in
atherosclerosis, which can provide both, priming and acti-
vation signals for NLRP3 inflammasomes. Therefore, the
NLRP3 inflammasome links the vascular deposition of lipids
and lipoproteins to the inflammatory responses driving the
atherosclerotic process. Furthermore, several feed-forward
mechanisms have been demonstrated, which indicate that CCs
can induce a self-feeding cycle of further CC formation and
NLRP3 inflammasome activation. This vicious circle most
likely contributes to the nonresolving chronic vascular inflam-
mation that drives atherosclerosis progression (Figure 2).

Although the presence of oxLDL and CCs could be suf-
ficient to activate the NLRP3 inflammasome in atheroscle-
rotic lesions, other proinflammatory mediators, such as TLR
triggers, most likely contribute to and intensify NLRP3 in-
flammasome priming and activation. Indeed, further NLRP3
inflammasome activators were implicated in the pathogenesis
of atherosclerosis. For example, calcium phosphate crystals,
which are associated with vascular calcification and abundant-
ly present in advanced, calcified atherosclerotic lesions, were
shown to elicit IL-1p and IL- 1 o secretion from macrophages in
a caspase-1—dependent manner.' Furthermore, extracellular
ATP is a well-known NLRP3 inflammasome activator, which
is released during cell death. A hallmark of advanced athero-
sclerotic lesions is the necrotic core region. Recent studies re-
vealed that P2X7R, which mediates ATP-dependent NLRP3
activation, is highly expressed in diet-induced atherosclerotic
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lesions of Apoe™ and Ldlr”~ mice, as well as in human ca-
rotid atherosclerotic plaque tissue.!'*"!*? Furthermore, P2X7R
knockdown in Apoe™ mice,"! as well as P2X7R deficiency in
Ldlr~- mice,'”> were shown to reduce lesional inflammasome
activation and to limit atherosclerotic lesion size, indicat-
ing that ATP-mediated NLRP3 inflammasome activation via
P2X7R promotes atherosclerosis development.

Possible Contribution of Other Inflammasome
Pathways in Atherogenesis

Although a large body of evidence connects the NLRP3 in-
flammasome and atherosclerosis, very little is known about
the involvement of other inflammasomes in atherogenesis.
Given the presumably large amounts of DNA released by
dying cells in the necrotic core of atherosclerotic lesions, a
role of the AIM2 inflammasome could be expected. Although
AIM2 was so far only described to be activated by cytosolic
DNA, the transfer of DNA from dying cells via apoptotic bod-
ies or extracellular vesicles to the cytosol of immune cells
might be possible but lacks evidence. However, extracellular
DNA can act as priming signal to induce expression of inflam-
masome components, including AIM2."*!% In this regard, it
should be considered that results obtained from mouse studies
might not be transferable to humans, as it was recently shown,
that a cGAS-NLRP?3 axis rather than AIM2 is responsible for
the DNA-dependent inflammasome activation in human my-
eloid cells.'”

Recently, it was demonstrated that the inflammasome can
be activated by cholesterol accumulation in macrophages,
independent of NLRP3 and CCs, but dependent on AIM2.'%
High intracellular cholesterol content leads to reduced mito-
chondrial respiratory capacity and release of mtDNA into the
cytosol driving AIM2 activation. Although high blood choles-
terol levels are a hallmark of atherosclerosis, the intracellu-
lar level of cholesterol is normally tightly regulated, and the
authors of the above-mentioned study could only show this
effect in cholesterol 25-hydroxylase—deficient macrophages,
which display reduced cholesterol biosynthesis and intracel-
lular cholesterol content on LPS challenge.

Moreover, activation of the noncanonical NLRP3 inflam-
masome pathway via caspase-11 was suggested to play a role in
atherogenesis in Ldlr~~ mice lacking myeloid cholesterol efflux
transporters ABCA1 and ABCGI, which also have increased
intracellular cholesterol accumulation.'* It remains to be deter-
mined how this activation occurs. The most prominent ligand
of caspase-11 is LPS, a component of the outer membrane of
Gram-negative bacteria, but oxidized phospholipids, released
from dying cells were demonstrated as another ligand of cas-
pase-11."7 Accordingly, it is conceivable that the noncanonical
inflammasome is activated in necrotic areas of atherosclerotic
lesions, but direct evidence is still missing. Furthermore, it
needs to be determined why in 2 different models of cellular
cholesterol accumulation, namely Abcal/gl- and cholesterol-
25-hydroxylase-deficiency, which both induce an increase in
cellular cholesterol levels, 2 different inflammasome pathways,
namely the noncanonical NLRP3 inflammasome and the AIM2
inflammasome, seem to be exclusively activated in each model.

However, activation of the AIM?2 or the noncanonical in-
flammasome in the context of infections'”® might further drive
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Figure 2. Vicious circle of NLRP3 (NOD [nucleotide oligomerization domain]-, LRR [leucine-rich repeat]-, and PYD [pyrin domain]-
containing protein 3) inflammasome activation in atherosclerosis. oxLDL (oxidized low-density lipoprotein) and cholesterol crystals
(CCs), which are abundantly present in atherosclerotic lesions, provide a self-feeding cycle of continuous NLRP3 inflammasome priming
and NLRP3 inflammasome activation in macrophages. oxLDL binds to CD (cluster of differentiation)36, which mediates a priming

signal via TLR (Toll-like receptor)4/TLR6, as well as the phagocytosis of oxLDL, resulting in intracellular CC formation. Phagocytosis of
extracellular CCs, as well as intracellular CC formation, causes lysosomal damage, which triggers NLRP3 inflammasome activation. CCs
also activate the complement system, which promotes macrophage priming as well as CC phagocytosis and hence, NLRP3 activation.
Secreted IL-1p and IL-18 also promote macrophage priming via IL-1R signaling. This vicious circle can be further exacerbated by various
endogenous or pathogen-derived danger signals present in the atherosclerotic lesion, providing further TLR-mediated priming signals (eg,
extracellular matrix [ECM] components, advanced glycation end products [AGESs]), or additional NLRP3 activation signals (eg, ATP and

calcium phosphate crystals).

acute vascular inflammation and contribute to the increased
risk of cardiovascular events after infections.

Targeting the IL-1 Pathway in
Atherosclerosis—the CANTOS Trial
The CANTOS trial is a large-scale clinical trial designed to
test the inflammation hypothesis of atherosclerosis in humans,
and to evaluate the protective potential of anti-inflammatory
therapies for CVD.!* This trial is largely based on the findings
of previous clinical trials on statin therapy, which demonstrat-
ed that statin therapy was most effective in reducing cardio-
vascular events when reducing not only LDL-C but also CRP
plasma levels,22 which serve as inflammatory biomarker
for CVDs. In particular, the JUPITER trial (Justification
for the Use of Statin in Prevention: An Intervention Trial
Evaluating Rosuvastatin), demonstrated that statin therapy re-
duces the risk for future cardiovascular events in subjects with
high CRP but low LDL-C levels,® indicating that individu-
als with elevated CRP levels benefit from anti-inflammatory
treatments.”** Although these studies strongly supported the
hypothesis that decreasing inflammation will reduce CVD
risk, statins have intrinsic anti-inflammatory as well as LDL-C
lowering properties. Therefore, it remained to be shown that

reducing inflammation alone, more precisely without affect-
ing cholesterol levels, also lowers the risk of developing car-
diovascular events.

Although CRP as a marker for systemic inflammation
represents a useful measure to evaluate the effectiveness of
anti-inflammatory treatments, it is not causal for atheroscle-
rosis development, and therefore does not qualify as a target
for therapeutic intervention itself.?*>2% However, because IL-1
cytokines and particularly IL-1f3 are importantly involved
in atherogenesis and induce the production of IL-6 and the
downstream inflammatory biomarker CRP, the IL-1 signaling
pathway displays a valuable treatment target for atherosclero-
sis. Canakinumab is a human monoclonal antibody binding
to IL-1f and thereby blocking the interaction of IL-1f3 with
IL-1R, which prevents subsequent proinflammatory signal-
ing events. Canakinumab is already approved for the treat-
ment of cryopyrin-associated periodic syndrome patients.””” A
clinical trial in patients with diabetes mellitus revealed that
administration of canakinumab efficiently reduces plasma
markers of inflammation, such as CRP and IL-6, for up to 3
months without affecting LDL-C or HDL-C levels,*® validat-
ing canakinumab as a candidate to evaluate the inflammation
hypothesis of atherosclerosis.
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Consequently, the CANTOS trial was initiated to test
whether reducing inflammation by neutralizing IL-1p with
canakinumab in patients with a history of MI and elevated
CRP plasma levels (>2 mg/L) lowers their risk of recurrent
cardiovascular events on top of standard secondary preven-
tion therapies.* Canakinumab treatment dose-dependently
decreased baseline levels of IL-6 and CRP compared with
placebo, whereas LDL-C and HDL-C levels remained unaf-
fected. Treatment with 150 mg canakinumab every 3 months
resulted in a significant 15% reduction of the primary end point
events, namely MI, stroke, or cardiovascular death, compared
with placebo. Although this number might not seem to be very
high, it needs to be considered, that this is an effect on top of
standard secondary prevention care, including statin therapy
with its anti-inflammatory effects. Therefore, the CANTOS
trial revealed an improvement in the cardiovascular outcome
of patients with prior MI by canakinumab treatment in combi-
nation with current standard secondary prevention therapies.

Two important conclusions can be drawn from the
CANTOS trial. First, CANTOS clearly demonstrated that
reducing low-grade systemic inflammation in CVD patients
without affecting blood cholesterol levels decreases the risk
of developing cardiovascular events. Therefore, it is the first
large-scale randomized, double-blinded, and placebo-con-
trolled clinical trial providing a proof-of-principle for the in-
flammation hypothesis of atherosclerosis. Second, it confirms
the clinical importance of the proatherogenic characteristics
of IL-1f. Thus, it provides evidence that therapeutic interfer-
ence with IL-1p production or function can improve clinical
outcomes of CVDs.

What Can We Learn From the CANTOS Trial?
CANTOS confirmed that MI patients on statin therapy with
well-controlled LDL-C levels but residual inflammatory risk,
as determined by CRP levels >2 mg/L, have at least the same
risk of recurrent cardiovascular events as those with residu-
al cholesterol risk because of insufficient LDL-C lowering.
Previous clinical trials have shown that statin-treated patients
with residual cholesterol risk (LDL-C levels >70 mg/dL) could
benefit from additional treatment with either the cholesterol-
absorption inhibitor ezetimibe*® or PCSK9 (proprotein con-
vertase subtilisin/kexin type 9)-neutralizing antibodies.?'*!!
The CANTOS trial results now indicate that statin-treated
patients with residual inflammatory risk (elevated CRP levels)
benefit from additional anti-inflammatory therapies, such as
canakinumab. Importantly, canakinumab treatment of patients
at residual inflammatory risk was as efficient in reducing re-
current cardiovascular events as treatment of patients at re-
sidual cholesterol risk with PCSK9 inhibitors* indicating the
equal importance of these 2 different types of residual risk.
This emphasizes the need for personalized biomarker-based
therapeutic approaches in addition to standard secondary pre-
vention measures and demonstrates that both LDL-C and CRP
should be assessed to evaluate an individual’s residual risk for
recurrent cardiovascular events.

Furthermore, a secondary analysis of the CANTOS trial
data confirmed the previously established positive correlation
between the magnitude of CRP reduction with cardiovascu-
lar event reduction also for canakinumab treatment.?'? These
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findings even suggest that the extent of CRP reduction after
the first canakinumab application could already predict the
clinical benefits of canakinumab treatment for individual pa-
tients. Therefore, the CANTOS trial opens new paths to per-
sonalized therapeutic approaches for secondary prevention of
CVDs.

However, in this context, it needs to be emphasized that
polymorphisms in the CRP gene are associated with a consid-
erable lifelong increase in CRP plasma levels, which do not
increase the risk of CVDs.?% The CANTOS trial population
was only recruited by elevated CRP levels, but not controlled
for CRP polymorphisms. Thus, it is possible, that some indi-
viduals in the CANTOS trial population were selected based
on genetically increased CRP levels, which are most likely
not affected by canakinumab treatment, which only blocks IL-
1B-induced CRP production. This might have weakened the
overall outcome of the CANTOS trial.

Of note, the trial does not allow for any definite conclu-
sions about the relationship of CRP levels to the trial outcome
as the study cohort was not randomized for CRP levels.

Overall, the CANTOS trial results emphasize that target-
ing vascular and systemic inflammation represents a valuable
treatment strategy for decreasing CVD risk. However, target-
ing inflammatory pathways systemically always bears the
risk of disturbing immune homeostasis and of detrimentally
affecting protective immune responses, for example during
infection. Indeed, the CANTOS trial revealed a small, but sig-
nificant increase in fatal infections and sepsis on canakinumab
treatment.* However, all-cause mortality was unaffected on
canakinumab treatment, which might be explained by a sig-
nificant reduction in cancer mortality. Patients enrolled in the
CANTOS trial have elevated CRP levels and often smoke,
which increases their risk of several inflammatory cancers, in-
cluding lung cancer.?'**"* Furthermore, IL-1f3 is an important
constituent of the inflammatory tumor microenvironment and
was attributed an important role in promoting carcinogenesis
in certain tumors in which smoldering inflammation is part
of the pathogenesis.” Interestingly, canakinumab treatment
significantly reduced incident lung cancer and lung cancer
mortality in the CANTOS trial population.?'s This unexpected
finding suggests that an anti-inflammatory therapy targeting
IL-1 with canakinumab could also be beneficial for patients
with certain cancers, in particular, lung cancer.

Although CANTOS confirmed that blocking IL-1f is a
valuable treatment approach for CVDs, it also demonstrated
that the clinical use of anti-inflammatory therapies may re-
quire careful evaluation of potential risks because of inter-
fering with immune homeostasis. Canakinumab specifically
inhibits IL-13, whereas leaving other IL-1 family cytokines
unaffected. Therefore, despite the observed increase in fatal
infections, long-term treatment with canakinumab might still
be safer compared with treatment with anakinra or rilonacept,
which affect both, IL-1a and IL-1(3. Beside of CANTOS,
several clinical trials are currently underway assessing the
effects of other anti-inflammatory therapies for the treatment
of CVDs, which have been extensively reviewed.**'® Of note,
in parallel to the CANTOS trial, Ridker et al'®?" initiated a
second trial to directly test the inflammation hypothesis: the
CIRT trial (Cardiovascular Inflammation Reduction Trial).
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CIRT has a similar trial design as the CANTOS trial and thus
will assess the effects of low-dose methotrexate (LDM) treat-
ment on the risk of recurrent cardiovascular events in stable
post-MI patients on standard secondary prevention care. LDM
is commonly used as a treatment for patients with rheuma-
toid arthritis and psoriasis, where it efficiently reduces inflam-
matory biomarkers such as CRP and IL-6, without affecting
plasma lipid levels. Patients with rheumatoid arthritis and pso-
riasis have an increased risk of developing CVDs, but LDM
treatment was associated with reduced cardiovascular mortal-
ity.?!® Furthermore, mechanistic studies provide evidence for
direct atheroprotective effects of LDM, presumably related
to increased cholesterol efflux and reverse cholesterol trans-
port from foam cells in the atherosclerotic lesion.?!? The out-
come of CIRT will be of particular interest, because LDM,
in contrast to canakinumab, is administered orally once a
week. Consequently, it would provide a more cost-effective
and more convenient treatment associated with higher patient
compliance. Thus, LDM might be more suitable for routine
therapy than subcutaneous monoclonal antibody treatment.

Inflammasomes are central in IL-1 cytokine production,
and particularly the NLRP3 inflammasome was implicated
in atherosclerosis and vascular inflammation. Although the
CANTOS trial cannot definitely answer to what extent the
NLRP3 inflammasome contributes to atherogenesis and ath-
erosclerosis progression—given that proatherogenic IL-1f
can also be produced by other inflammasomes and inflamma-
some-independent pathways—it might still represent a valu-
able therapeutic target for treatment of CVDs. Currently, there
is great interest in developing small molecule inhibitors of
the NLRP3 inflammasome (reviewed in detail elsewhere??).
Recently, the selective NLRP3 inhibitor CRID3 (also known
as CP-456773 or MC(C950) was indeed shown to mediate a re-
duction in size and inflammatory character of atherosclerotic
lesions in Apoe™ mice,?' highlighting the therapeutic poten-
tial of small molecule inhibitors of the NLRP3 inflammasome
for CVDs. Although concerns of hepatotoxicity were raised
for this particular NLRP3 inhibitory compound, which was
included in the ToxCast initiative by Pfizer as a discontinued
pharmaceutical,”® the identification of other, nontoxic small
molecule inhibitors of the NLRP3 inflammasome would al-
low for testing of the therapeutic potential of these in clinical
trials.

Pharmacological inhibition of NLRP3 inflammasome ac-
tivation might provide a more specific and less harmful thera-
peutic approach for CVDs. Compared with canakinumab,
anakinra and rilonacept, which all block IL-1f (and in case
of anakinra also IL-1a) function, the risk of fatal infections
will likely be lower because of specific NLRP3 inflamma-
some inhibition. Besides NLRP3, other inflammasomes are
involved in recognition of microbes. Hence, because of this
functional redundancy, IL-1 family cytokines can be produced
in response to infectious triggers independent of the NLRP3
inflammasome. Direct inhibition of the NLRP3 inflamma-
some will not only inhibit IL-1f3, but as well IL-18 maturation
and secretion, which could be beneficial in terms of CVD out-
comes. Moreover, NLRP3 inflammasome inhibition will pre-
vent inflammasome-mediated inflammatory cell death, which
consequently could further lower local inflammation.

Another way to target specifically atherosclerosis-driving
vascular immune responses is the removal of the atherogenic
NLRP3 inflammasome triggers. We have recently shown that
treatment of Apoe”~ mice with cholesterol solubilizing sub-
stances, such as ursodeoxycholic acid**® or 2-hydroxypropyl-
B-cyclodextrin®* reduces vascular CC deposition and impairs
diet-induced atherosclerosis development. Moreover, we
found that treatment with 2-hydroxypropyl-f-cyclodextrin
is able to mediate atherosclerosis regression. However, we
suggested that besides removing CCs, 2-hydroxypropyl-
P-cyclodextrin promoted cholesterol metabolism, which
resulted in transcriptional reprogramming of macrophages
favoring cholesterol efflux and reverse cholesterol transport.
These studies indicate that the removal of inflammatory ath-
erogenic triggers represents a valuable treatment approach
to locally reduce vascular inflammation and atherosclerosis
development.

In conclusion, the CANTOS trial provided a proof-of-
principle for the inflammation hypothesis of atherosclerosis.
It highlighted the potential of anti-inflammatory therapies to
improve the clinical outcomes of CVDs, exemplified by IL-13
inhibition. Furthermore, the CANTOS trial results emphasize
the potential of personalized biomarker-based therapeutic ap-
proaches in the secondary prevention of CVDs.
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