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Abstract

The intracellular sensing protein termed NLRP3 (for NACHT, LRR, and PYD domains-containing
protein 3) forms a macromolecular structure called the NLRP3 inflammasome. The NLRP3
inflammasome plays a major role in inflammation, particular in the production of interleukin-18
(IL-1B). IL-1p is the most studied of the the IL-1 family of cytokines, including 11 members
among which IL-1a and IL-18. Here, we summarize pre-clinical and clinical findings supporting
the key pathogenetic role of the NLRP3 inflammasome and IL-1 cytokines in the formation,
progression and complications of atherosclerosis, in ischemic (acute myocardial infarction, AMI),
and non-ischemic injury to the myocardium (myocarditis) and the progression to heart failure
(HF). We also review the clinically available IL-1 inhibitors, although not currently approved

for a cardiovascular indications, and discuss other IL-1 inhibitors, not currently approved, as

well as oral NLRP3 inflammasome inhibitors currently in clinical development. Canakinumab,
IL-1p antibody, prevented the recurrence of ischemic events in patients with prior AMI in

a large phase I11 clinical trial including 10,061 patients world-wide. Phase Il clinical trials

show promising data with anakinra, recombinant IL-1 receptor antagonist, in patients with ST
segment elevation AMI or HF with reduced ejection fraction. Anakinra also improved outcomes
in patients with pericarditis and it is now considered standard of care as second line treatment

for patients with recurrent/refractory pericarditis. Rilonacept, a soluble IL-1 receptor chimeric
fusion protein neutralizing IL-1a and IL-1, has also shown promising results in a phase Il study
in recurrent/ refractory pericarditis. In conclusion, there is overwhelming evidence linking the
NLRP3 inflammasome and the IL-1 cytokines with the pathogenesis of cardiovascular diseases.
The future will likely include targeted inhibitors to block the IL-1 isoforms, and possibly oral
NLRP3 inflammasome inhibitors, across a wide spectrum of cardiovascular diseases.
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Introduction

Inflammation is broadly defined as a cellular and humoral response to infectious or non-
infectious injury. While inflammatory responses are necessary for survival against infection
and vigilance against cancer, an exuberant or dysregulated inflammation contributes to

the pathogenesis of numerous acute and chronic conditions. Cytokines, often termed
interleukins, are signaling proteins regulating the inflammatory response by communicating
pro- and anti-inflammatory signals. Interleukin-1 (I1L-1) is the prototypical pro-inflammatory
cytokine, occupying an apical role in the innate immune response.l: 2 Heightened 1L-1
activity contributes to the pathogenesis of several pro-inflammatory conditions, and, more
recently, it has been linked to an increased risk and greater severity of cardiovascular
diseases (CVD).3-

We herein review the mechanisms by which active IL-1 is produced and contributes to CVD.
Treatments aimed at inhibiting IL-1 activity in acute myocardial infarction, heart failure,
refractory/recurrent pericarditis and in other chronic inflammatory heart diseases are being
developed for the treatment of CVD.

The Biology of the IL-1 Family in Cardiovascular Diseases

The IL-1 Family has 11 cytokine members and 10 receptors; IL-1p and I1L-18 are the most
studied members of the Family.: 8 A depiction of the 11 members, their receptors and
co-receptors as well as their prominent function is available in Supplemental Table I. There
are 4 members that function as anti-inflammatory cytokines and of these, IL-1 Receptor
antagonist (IL-1Ra) and IL-36 Receptor antagonist (IL-36Ra) are specific, whereas 1L-37
and IL-38 are non-specific and broadly inhibit innate immunity. As described in this review,
a recombinant form of the naturally occurring IL-1Ra is anakinra. Anakinra is used to treat
a wide spectrum of inflammatory conditions, including CVD.3: 4 IL-36Ra, IL-37 and 1L-38
are not presently approved for humans but preclinical studies reveal several indications for
treating human diseases.! In addition to the anti-inflammatory members of the IL-1 Family,
the extracellular domains of receptors termed soluble receptors also suppress inflammation.
For example, soluble IL-1R2 neutralizes IL-1p and the I1L-18 Binding Protein (IL-18BP)
neutralizes IL-18.

Inflammation and IL-1—IL-1p is an inducible cytokine primarily produced by monocytes
and macrophages but also neutrophils. IL-1a is quite different; although IL-1a is also
inducible in myeloid cells, the IL-1a precursor in present constitutively in all mesenchymal
cells in health, including the myocardium (Figure 1). First synthesized as precursors but
lacking a signal peptide, both IL-1a and IL-1 initially remain intracellularly. The inactive
IL-1B precursor requires processing into a mature, active cytokine and released into the
intracellular compartment as described in Figure 2. The IL-1a precursor is released upon
necrotic cell death?, is active in its precursor form8 and can induce IL-1f (Figure 2). IL-1a
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is also present anchored to the membrane and functions upon cell-cell contact.®: 10 Both
IL-1a and IL-1p are highly inflammatory cytokines and when administered in humans
induces systemic inflammation in subnanomolar concentrations.? In healthy subjects, 1L-1f
gene expression is low or absent in blood monocytes but is markedly increased in disease
states. Circulating IL-1p is at unusually low concentrations; for example, in 500 healthy
subjects, the mean level of 1L-1B was 0.33 pg/mL 11 but in diseases states increases to 5-fold
to barely over 1 pg/mL.12 In health, the IL-1a precursor is present in most mesenchymal
tissues such as the myocardium and the endothelium. Measuring circulating IL-1 in

patients rarely correlates with disease severity. For example, specific neutralization of IL-1p
significantly reduces cardiovascular events in high risk patients!3 but circulating levels

of IL-1p are below detection even in high risk patients. Similarly, specific neutralization

of IL-1a in patients with metastatic colorectal cancer results in improved outcomes yet
circulating IL-1a is not detected.14

IL-1 Receptors and IL-1 signaling.—IL-1-mediated inflammation is initiated when
IL-1 bind to its receptors. There are two receptors for IL-1; IL-1 Receptor type 1 (IL-1R1)

is the ligand binding chain and IL-1R3 is the co-receptor. Both receptors are present on

all nucleated cells in the resting state (Figure 1A). When either IL-1p or IL-1a binds to
IL-1R1, a structural change takes place allowing IL-1R3 to bind and to form a heterotrimeric
complex (Figure 1B). The pro-inflammatory functions of IL-1p are initiated with the
approximation of the intracellular domains of IL-1R1 and IL-1R3. The intracellular domain
of IL-1R1 and IL-1R3 contain the Toll-IL-1-Receptor (TIR) domain. Found in all members
of the IL-1 family of receptors, the TIR domain is nearly identical to the TIR domain of
Toll-like receptors (TLRs) associated with microbial pathogens. Thus, the IL-1 family and
the TLR family share the same pro-inflammatory mechanisms for inducing inflammation.
As shown in Figure 1B, the TIR domains of IL-1R1 and IL-1R3 approximate and the
adapter protein myeloid differentiation factor 88 (MyD88) binds to the TIR domain. MyD88
binding leads to a rapid cascade of phosphorylations resulting in activation of NFxB.

The IL-1 family of cytokines and receptors is balanced in that anti-inflammatory members
function to limit and or even prevent inflammation from pro-inflammatory members. IL-1Ra
acts as a classic receptor antagonist. When IL-1Ra binds to IL-1R1 (Figure 1C), the
conformational change (shown in Figure 1B) does not result IL-1R3 binding. Therefore,
there is no signal when IL-1Ra occupies of IL-1R1. IL-1R2 preferentially binds IL-1p
(Figure 1D) and in doing so sequesters IL-1p from binding to IL-1R1. Following binding,
IL-1R2 undergoes a similar conformational change, IL-1R3 binds to form a complex and
this complex increases the affinity of IL-1R2 for IL-1f. However, lacking an intracellular
domain, IL-1R2 has no TIR domain and there is no signal (Figure 1D). Thus, IL-1R2

is considered a “decoy” receptor as it functions to sequester 1L-18.1% The soluble form

of IL-1R2 is found in the circulation in health where it is thought to provide a backup
mechanism to limit inflammation by IL-1Ra. Although binding of soluble IL-1R2 binding
to IL-1p (Figure 1E) takes place, the affinity increases significantly when soluble IL-1R3
forms joins the complex (Figure 1F).
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NLRP3 inflammasome—The processing of pro-IL-1p into its active form is largely
regulated by the enzymatic activity of caspase-1 within the cell (Figure 2). Caspase-1 is
activated by the inflammasome, a macromolecular structure of several components with
different functions.18: 17 The sensor protein is an intracellular receptor termed NLRP3 (for
NACHT, LRR, and PYD domains-containing protein 3 ), which responds to intracellular or
extracellular danger-associated signals. The discovery of the role of NLRP3 is attributed

to Hal Hoffman’s group,8 whereas the identification of NLRP3 as costitutive part of the
inflammasome in the processing of 1L-1@ was first shown by Jurg Tschopp’s group.t® In
macrophages resident cells, activation of the NLRP3 inflammasome requires two signals.
Signal 1 (Figure 2, left) is a priming step. Tissue damage, such as ischemia reperfusion
injury, promotes the release of danger-associate molecular patterns (DAMPS), including
the IL-1a precursor and extracellular adenosine triphosphate (eATP). This event promotes
the transcription and translation of several of pro-inflammatory genes, particularly the
precursors of IL-1p and I1L-18, as well as components of the NLRP3 inflammasome.
Signal 2 provides the trigger for activation of the inflammasome. This signal is promoted
by eATP or intracellular DAMPs (e.g. mitochondrial molecules, like reactive oxygen
species or lysosomal content) which in most cases involve the efflux of K*. NLRP3
oligomerizes and binds the adaptor protein ASC (apoptosis-associated spec-like protein
containing a carboxy-terminal containing a caspase recruiting domain) and pro-caspase-1
resulting in the auto-catalytic cleavage of pro-caspase-1 to active caspase-1. Caspase-1
cleaves pro-IL-1p and pro-IL-18 into their mature and active forms. Caspase-1 also provides
for the formation of the gasdermin channel for the release of IL-1f and IL-18 from the

cell (Figure 2, right). Circulating monocytes, however, release active IL-1p after a one-
time stimulation of the Toll-like Receptors (TLR), resulting from constitutively activated
caspase-1 and release of endogenous adenosine triphosphate.2? Moreover, when the IL-1pB
precursor is released at inflammatory sites such as in ischemic tissues, proteolytic enzymes
from infiltrating neutrophils can process the IL-1p precursor extracellularly into an active
cytokine independent of NLRP3 and caspase-11: 2 21,

IL-18—The IL-1 family member IL-18 is similar to IL-1p in that both cytokines precursors
are inactive and both require caspase-1 for processing into active cytokines (Figure 2). The
activity of IL-18 is regulated by the IL-18BP. IL-18BP has an unusually high affinity kD of
0.5 nM for mature I1L-18.22 This high affinity binding allows for the calculation of the level
of circulating “free” from IL-18 bound to 1L-18BP23 and the role of 1L-18 in cardiovascular
diseases is best understood by free IL-18. Circulating free 1L-18 is markedly elevated in
patients with Macrophage Activation Syndrome (MAS), a syndrome observed in cancer and
autoinflammatory conditions. In septic patients with MAS, anakinra significantly reduced
28-day mortality compared to placebo treated patients 24. Since I1L-18 is a risk factor

for cardiovascular events, the therapeutic efficacy of anakinra or canakinumab in patients
with heart failure likely includes suppression of IL-18. The reduction in IL-18 activity by
blocking IL-1 is in part due to a reduction in the activation of the NLRP3 inflammasome
(Figure 2).

IL-33—Interleukin-33 (I1L-33) is another member of the IL-1 Family.1: 2 Unlike pro-1L-1p
and pro-IL-18, caspase-1 inactivates the IL-33 precursor. The primarly function of 1L-33
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is to shift the inflammatory reaction toward a T helper response type 2, thus reducing the
T helper type 1 response, and favoring the resolution of inflammation.2: 2 IL-33 triggers
IL-1R4 (also known as ST2), however it also translocates to the nucleus and suppresses the
inflammatory response, independent of IL-1R4.

IL-37 and IL-38—IL-1Ra, IL-1R2 and soluble IL-1R2 are specific in solely reducing the
activities of IL-1f as well as IL-1a.. In contrast, IL-37 and 1L-38 reduce inflammation
broadly; for example, these cytokines reduce levels of IL-1, TNFa, IL-6 and several
chemokines. 1L-37 is particularly broad in its anti-inflammatory properties2>, including
inhibition the NLRP3 inflammasome.28 The first studies identified that recombinant human
IL-38 binds to the IL-36 receptor (IL-1R6) and inhibits the production of 1L-1727 but
increasing evidence reveals that 1L-38 broadly reduces inflammation.28: 29

Atherosclerosis and the NLRP3 inflammasome

IL-1 and the pathogenesis of atherosclerosis.—Once considered a mere
accumulation of lipids in the wall of blood vessels, seminal work in the past decades

have defined atherosclerosis as an inflammatory disease.39-32 Circulating pro-inflammatory
lipoproteins increase endothelial cell permeability, leading to accumulation of lipids and
inflammatory macrophages termed “foam cells” in the intima of the vessels. In the vessel
wall, a central necrotic core develops with a fibrous cap, and outward remodeling of the
vessel wall: the atherosclerotic plaque.39-32 |L-1 contributes to the initiation, formation,
growth and rupture of the plagues (Figure 3).33-36 Both IL-1a and IL-1p are produced
locally and directly affect the function of endothelial cells. For example, both cytokines
impair vasodilation, increases oxidative stress, the production of procoagulant mediators
and are released from platelets, each property predisposing to atherothrombosis, a dreaded
complication of the atherosclerotic plaque.37-39

Systemically, 1L-1 induces the production of interleukin-6 (IL-6) as well as increases pro-
inflammatory and procoagulant events, thus creating a pro-thrombotic environment further
promoting adverse CV events. Histological studies show the presence of IL-1f in human
atherosclerotic plaques.*? Indeed, pro-inflammatory stimuli such as oxidized lipoproteins
stimulate IL-1 gene expression and further enhance disease progression in a autostimulatory
cycle.*! IL-1B also has a significant role in the initiation and progression of abdominal aorta
aneurysms. In mouse models of elastase infusion, deficiency of IL-1p or blockade of the
IL-1R1 with anakinra attenuates aneurysm formation.*2

The balance of IL-1 and IL-1Ra affects the wellbeing of the endothelium and the vessel
wall. This is best elucidated in the mouse with homozygous deletion of the gene coding for
IL-1Ra resulting in unopposed IL-1 activity in the resting state.*3 This mouse develops a
severe vasculitis with transmural infiltration of inflammatory cells in the wall of medium
size arteries and subsequent collapse of vessel wall, stenosis and organ infarction.*3
Supplemental Table Il summarizes the key preclinical findings in atherosclerosis.

The atherogenic properties of IL-1p but also of IL-1a have been studied in hyperlipidemic
mice in which genetic mutations that decrease lipoprotein clearance from the blood and
leads to hypercholesterolemia. There are two strains of mice for these studies: mice
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deficient in Apo E and mice deficient in low-density lipoprotein receptor (LDL-R). Mice
deficient in both Apo E as well as deficient in IL-1Ra develop atheromatous plaques

when fed a high fat diet.3* Administration of recombinant IL-1Ra or neutralizing antibody
against IL-1p to Apo E deficient mice have significantly reduced atheroma formation.*4: 45
Similarly, mice deficient in LDL-R but overexpressing IL-1Ra showed significant reduction
in atherosclerotic lesions.3® The Apo E deficient mouse also deficient in IL-1R1 exhibited
a reduction in the burden of atherosclerotic plaques in the aortic root, but not in the
brachiocephalic artery.4

Other biologic differences were noted in mice deficient in IL-1R1, such as differences in
outward remodeling of the vessel wall*6 and maintenance of the collagen in the fibrous cap
of the atheromatous lesions.#” Using mice deficient in IL-1R1, one study proposed IL-1
signaling to be ‘protective’ against rupture of the plaque in the mouse 48, nevertheless,
whether this is the case remains debatable. In regards to outward remodeling, a feature of
progressive atherosclerosis, one study suggested that IL-1p is responsible for the outward
remodeling®’, yet a separate study comparing IL-1a and IL-1@ suggests a pivotal role for
IL-1a during early experimental atherogenesis, whereas IL-1p drives inflammation during
atherogenesis in the evolution of advanced atheroma in mice.*8

The NLRP3 inflammasome, active IL-1p and atherosclerosis.—Prior to mouse
studies, the link between high fat diets, IL-1 and atherosclerosis had been established in
rabbits. For example, typical plaques developed in New Zealand rabbits fed high cholesterol
diets. Plaques also develop in the Watanabe genetically hyperlipidemic rabbit and in rabbits
deficient in the LDL receptor.*® In the New Zealand rabbit, plaques develop in the iliac
artery with macrophage-derived foam cells expressing IL-1p. The atherosclerotic lesions
however regress with the cessation of the high saturated fat diets.>0 In other studies, plaques
develop with high mRNA levels of IL-1R1 and I1L-1@.51

The mechanism by which high cholesterol triggers the processing and release of mature
IL-1B has been further elucidated by /n vitro experiments linking intraplaque cholesterol
crystals and the activation of the NLRP3 inflammasome.>2: 53 Cholesterol crystals directly
activate the NLRP3 inflammasome by inducing leakage of the lysosomal protease cathepsin
B into the cytoplasm.®3 Using chimeric mice with bone marrow restricted deficiency of
NLRP3, ASC, IL-1B or IL-1a in LDL-R deficient mice fed a high-fat diet, development

of lesions was significantly decreased compared to mice transplanted with wild-type bone
marrow.52 The link between the NLRP3 inflammasome and atherosclerosis was however not
supported by a single study in the Apo E deficient mouse.>*

Mice deficient in caspase-1 are protected because they have a dysfunctional inflammasome
machinery. Hypercholesterolemic mice deficient in caspase-1 but also deficient in either
ApoE or LDL-R are protected compared with the mice with Apo E or LDL-R deficiency
and functional caspase-1.25-57 Expression of the NLRP3 inflammasome in atherosclerotic
plagques from patients has been documented and correlated with the severity of coronary
artery disease.58 NLRP3 expression in peripheral blood monocytes in patients with acute
coronary syndrome also predicts adverse cardiac events.>® A small molecule inhibitor of the
NLRP3 inflammasome, administered for 4 weeks in the Apo E deficient mouse resulted in a

Circ Res. Author manuscript; available in PMC 2022 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abbate et al.

Page 7

reduction in the atherosclerotic plaque burden.®0 Several NLRP3 inhibitors are currently in
drug development.61-63

IL-18, IL-33 and IL-37 atherosclerosis—The advantage of targeting the NLRP3
inflammasome includes the reduction in mature I1L-18. The IL-18 precursor is also processed
by the NLRP3 inflammasome. Circulating IL-18 is a strong and independent predictor

of adverse events in patients with coronary artery disease.* Genetic deletion of 1L-18

or transgenic expression of human IL-18BP in the Apo E knock out mouse reduced the
development of atherosclerotic plaque in the aorta.> 66

IL-33 regulates the inflammatory response shifting toward a T helper 2 response by binding
the 1L-1R4 receptor. When recombinant 1L-33 was administered to Apo E deficient mice fed
high-fat diets, it reduced atherosclerotic plaque burden.67. 68

IL-37 is an anti-inflammatory member of the IL-1 family. IL-37 is present in human
atherosclerotic plaques and also in coronary artery smooth muscle cells®® and circulating
levels of IL-37 are elevated in patients with acute coronary syndrome.’% Transgenic
expression of human IL-37 reduces plaque burden and increases plaque stability.%°
Treatment of the Apo E deficient mouse with recombinant IL-37 reduces vascular
calcification and atherosclerosis.’”!: 72 In human calcific aortic valves, 1L-37 expression

is significantly reduced compared to healthy aortic valves and treatment with recombinant
human IL-37 reduces the osteogenic responses in cultured aortic valves in vitro.”

Translational Studies—Studies of atherosclerosis and atherothrombosis in experimental
models are based on several assumptions and have limitations. For example, whereas most
of the clinical trials are focused on events surrounding an AMI, in mice, the coronary
arteries are generally spared from atherosclerosis. In contrast, atheromatous changes are
assessed in other vascular districts such as the aortic arch, the thoracic and abdominal
aorta, and the major branches of the aorta. Moreover, mice are either subjected to extreme
hypercholesterolemia or the vessel wall is injured in order to enhance the inflammatory
response. In both instances, the phenotype is exaggerated in mice compared to what occurs
in patients. Clinical assessment is quantification of atherosclerotic plaque burden, that does
not always correlate with clinical disease severity.

An additional impetus for exploring IL-1 as a therapeutic target is derived from biomarkers
in patients with or at risk for CVD.”# Elevated circulating levels of IL-1Ra serve as surrogate
for IL-1 activity and predict atherosclerotic outcomes.”® 76 IL-1 induces IL-6 and serum
levels of 1L-6 are strong independent predictors of outcomes.% 77 Likewise, I1L-18 levels
predict outcomes®# 78 and similar to IL-6, IL-18 is also downstream from IL-1.7% 80 Since
IL-6 is downstream from IL-1, IL-6 induces C-reactive protein (CRP), CRP is also a
surrogate for IL-1 activity; at present, CRP is the preferred inflammatory biomarker for
cardiovascular risk stratification.81: 82

The Canakinumab Anti-inflammatory Thrombosis Outcomes Study (CANTOS)
trial.—The CANTOS triall3 randomized 10,061 patients with prior acute myocardial
infarction (>30 days prior to screening) and evidence of systemic inflammation, defined
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as a CRP level of at least 2 mg/L, to either placebo or canakinumab 50, 150 or 300

mg every 3 months. In a previous study, canakinumab dose dependently reduced CRP in
556 patients with type 2 diabetes.82 The primary endpoint of the CANTOS trial was a
composite of nonfatal myocardial infarction, nonfatal stroke or cardiovascular death. Over a
median follow-up of 3.7 years, there was a reduction by 15% in patients treated with 150
mg of canakinumab compared to placebo (HR, 0.85; 95% ClI, 0.74-0.98; P=0.021) (Table
1). The dose of 150 mg also reduced the need for coronary revascularization (HR, 0.83;
95% Cl, 0.73-0.95; P=0.005).13 These definitive data establish that IL-1p blockade with
canakinumab in patients with stable atherosclerotic CVD prevents recurrent cardiovascular
events and thus provide compelling proof for the IL-1 atherothrombosis concept.84 The
benefit of canakinumab on clinical events was independent of any effect on lipoproteins

or blood pressure and it was closely related with the inflammatory response, as patients
showing the greatest reduction in CRP had improved survival with canakinumab.8®

The Cardiovascular Inflammation Reduction Trial (CIRT)—Two other clinical
trials have tested the inflammatory hypothesis of atherosclerosis/atherothrombosis. The
Cardiovascular Inflammation Reduction Trial (CIRT) explored low-dose methotrexate

for the prevention of atherothrombotic events.86 At difference with the CANTOS trial
employing a targeted anti-1L-1p therapy, methotrexate is a non-targeted anti-metabolite
drug mainly reducing cell proliferation. Methotrexate is commonly used in rheumatologic
diseases, particularly rheumatoid arthritis for its anti-proliferative and reduced tissue
remodeling properties. Since IL-1 blockade is also used to treat rheumatoid arthritis, and
since IL-1 blockade reduces IL-6, there was a rationale for using methotrexate to reduce
treat CVD, as IL-6 drives smooth muscle proliferation including smooth muscle cells.87 In
the CIRT trial, methotrexate failed to improve the primary or secondary endpoints, and it
also did not significantly lower CRP levels, nor IL-1p or 1L-6 levels (Table 1).8 It is worth
noting, however, that baseline CRP levels in CIRT were only 1.6 mg/l. This likely reflects
the lack of CRP elevation as entry criteria, at difference with the CANTOS trial. Whether
the lower CRP levels may have influenced the lack of benefit of methotrexate in the CIRT
trial is unknown.

Colchicine Cardiovascular Outcome Trial (COLCOT)—An additional trial is the
COLCOT study.88 Colchicine inhibits myeloid cell migration, for example neutrophils
infiltration in gout; more recently, colchicine appears to also non-specifically inhibit the
NLRP3 inflammasome.89: 90 A clinical trial in patients with stable coronary artery disease
randomly assigned to Low Dose Colchicine (LoDoCo trial)®! or no treatment showed a
significant reduction in the incidence of acute atherothrombotic events. In the COLCOT
trial, 4745 patients with recent AMI were randomly assigned to colchicine or placebo within
30 days (median time of 13 days) of the index event. Colchicine continued for a median of
1.88 years significantly reduced the composite endpoint of recurrent ischemic events (Table
1), largely drive by a reduction in unstable angina and revascularization.88 Additional large
scale colchicine outcome trials are ongoing. It remains undetermined whether the protective
effects of colchicine in atherothrombosis are due to a reduction in IL-1 activity as treatment
in familial Mediterranean fever, gout, pericarditis, and other inflammatory conditions or due
to a different mechanism.
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In summary, preclinical data show that the IL-1 family of cytokines and the NLRP3
inflammasome are involved in the formation and progression of the atherosclerotic plaques,
and IL-1 blockade with canakinumab or treatment with colchicine reduces cardiovascular
events in patients with previous coronary atherothrombotic events.

Formation of the inflammasome, IL-1 activity and acute myocardial infarction

Acute myocardial infarction (AMI) refers to the myocardial necrosis following acute
ischemia as a result of a severe reduction in coronary artery blood supply. AMI is the most
dreaded consequence of coronary atherosclerosis by the formation of a thrombus occluding
coronary blood flow.92 The severe and sudden reduction in supply of oxygen and nutrients
to the myocardium leads to a critical energy failure and loss of essential functions, leading
to cell swelling and rupture, with ensuing release of intracellular components.92 Reperfusion
strategies, central in the treatment of AMI, have revolutionized the treatment of AMI

and significantly improved the outcomes by reducing the overall amount of myocardium
loss.92 Although reperfusion limits the inflammatory response in AMI, necrotic cell death
from the initial ischemic event releases cell contents referred to as DAMPs. DAMPS
include intracellular cytokines such as IL-1a and 1L-33, contributing to local and systemic
inflammatory responses.16: 17. 93

The NLRP3 inflammasome in sterile injury—In the setting of AMI, the injury is
sterile and not a result of a microbial invasion. NLRP3 is the sensing component of the
inflammasome most commonly involved in the response to sterile injury. The formation of
the inflammasome in most cells, including cardiomyocytes, is a 2-step process, requiring a
priming process followed by an the activation or triggering step.%* The cell debris released
during AMI functions as DAMPs, which induce the expression of key components of the
inflammasome via cell surface receptors such as Toll-like Receptors (TLR) and IL-1R1
through activation of the nuclear factor AB (NF-4B)(Figure 2).94 NLRP3 activation requires
a trigger and during the early phases of AMI, when ischemia dominates, the reduction

of intracellular K* due to failure of the Na*/K* ATPase is likely the major trigger. Later

in the course of the injury, NLRP3 may become active from lysosomal destabilization or
from activation of the P2X7 purinergic receptor recognizing eATP, released from leukocytes
or dying cells.16: 17 Activation of the NLRP3 inflammasome is a formidable step in
cardiomyocytes after the ischemic injury with the fate of the cell towards an inflammatory
type of cell death termed pyroptosis. Activation of the NLRP3 inflammasome also amplifies
the inflammatory response by processing and secretion of IL-1p and 1L-18.16:17.95 Ag
shown in Figure 2, mature IL-1p and 1L-18 exit the cell via the gasdermin D channel.
Gasdermin D, a substrate for caspase-1, forms N-terminal fragment oligomers within

the cell membrane after its cleavage by caspase-1 and is followed by the formation of
gasdermin pores. Gasdermin D pores are permeable to macromolecules and mediate the
unconventional extracellular release of mature IL-1p, 1L-18, and active caspase-1.16: 17

In addition, caspase-1 cleaves several proteins involved in the glycolysis, resulting in a
dramatic decrease in cell energy production that eventually leads to cell swelling and
rupture.%8 Several intermediate steps dependent on additional cytoplasmic adaptor proteins
or kinases are also involved in the activation process.16: 17
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Detrimental effect of NLRP3 inflammasome activation in AMI—The role of the
NLRP3 inflammasome in AMI has been explored in preclinical mouse models using

mice lacking the AM/rp3gene (N/rp3 deficient), mice treated with siRNA silencing to
suppress N/rp3expression, and the use of NLRP3 inflammasome inhibitors. A/rp3 deficient
mice subjected to myocardial ischemia-reperfusion injury have a smaller infarct size and
preserved cardiac function as compared with wild-type mice (Figure 4, Supplemental Table
111).97. 98 These findings are consistent with those seen with ASCand CaspZ deficient
mice.% The role of NLRP3 in AMI is also time-dependent, consistent with the 2-step
process required for activation, and accordingly the NM/rp3 deficient mouse shows no
protection when the clinical assessment is limited to the first few hours of AM|.95. 100, 101
Six different NLRP3 inflammasome inhibitors given at time of reperfusion significantly
reduce infarct size in experimental AMI (Supplemental Table 111).97, 102-106

Colchicine, a nonspecific inhibitor of the NLRP3 inflammasome, was used in the AMI
mouse model without reperfusion, and when administered at high doses (0.1 mg/kg/day) for
7 days, significantly reduced inflammasome activation, decreased infarct size, ventricular
remodeling and prolonged 7-day survival.1%7 In a Phase 1l clinical trial, 151 patients were
randomly assigned to colchicine (0.5 mg once or twice daily according to body weight) or
placebo for 5 days and infarct size was measured as area-under-the-curve for biomarkers
of myocardial necrosis, and with cardiac magnetic resonance in a subgroup of cases.108
Colchicine was well tolerated and significantly reduced infarct size and inflammatory
biomarkers, thus supporting the beneficial effect of this strategy (Table 1).198 A second
trial, low dose colchicine (LoDoCoMI trial)®1, colchicine added during the course of AMI
failed to reduce CRP levels beyond the reductions seen with placebo treated patients (Table
1). The trial was underpowered for clinical events, however a reduction in the number of
all-cause re-hospitalizations was observed.9!

These findings indicate that the NLRP3 inflammasome preferentially functions in the
response to ischemia (and reperfusion) and targeting the NLRP3 inflammasome leads

to smaller infarct size and improved outcomes in mice. Activation of the NLRP3
inflammasome within cardiomyocytes has an obvious detrimental effect for loss of
functional myocardium.9%: 101 Moreover, other cell types in the heart activate the NLRP3
inflammasome during AMI, with cell-type specific consequences. The activation of the
NLRP3 inflammasome in cells other than cardiomyocytes does not directly lead to loss

of contractile structures but indirectly contributes to cardiac dysfunction via IL-1f and
IL-18, which amplify the inflammatory response. In neutrophils, IL-1p and IL-18 promote
the release of radical oxygen species, enzymes, and cytokines that further injure the
cardiomyocyte. In endothelial cells, the activation of the inflammasome is associated with
loss of function, further impairing coronary flow, whereas IL-1f and IL-18 can determine
inappropriate vasodilation (vasoplegia). In fibroblasts, inflammasome activation leads to
release of IL-1f which in turn induces pro-fibrotic changes contributing to enlargement of
infarct scar. On the other hand, cardiomyocytes fail to secrete IL-1p, despite having an
active caspase-1 and pyroptosis.16: 17, 95, 98,99

Unopposed IL-1 activity in AMI—The mechanisms by which NLRP3 inflammasome
activation contributes to infarct size is largely independent of the processing and release
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of active IL-1p and IL-18 and dependent on cardiomyocyte loss through pyroptosis.?%: 101
The activation of the NLRP3 inflammasome during AMI, however, leads to an intense
inflammatory response and IL-1 activity. Unopposed IL-1 activity during AMI mobilizes
myeloid cells from bone marrow to the infarction site inducing a pathologic myocardial
healing and favoring cardiac rupture in experimental models.199: 110 The role of IL-1 in
AMI has been studied in mice with genetic deletion of the //1r1 gene and not responsive

to IL-1, in mice with deletion of //Zra gene 199 and in mice treated with blockers of IL-1a.,
IL-1B, or IL-1R1.110-116 The early phase of IL-1 activity during AMI is the release of the
IL-1a precursor from dying cells, rather than the processing and secretion of 1L-1p.113 115
A reduction in infarct size in experimental AMI was seen when the activity of IL-1a

was blocked at the receptor level in the IL-1R1 deficient mouse, by using recombinant
IL-1Ra or neutralization of IL-1a by a monoclonal antibody.109: 113, 117 |n contrast, IL-1p
neutralization using a monoclonal antibody had no effects on infarct size.110. 115 Regardless
on how IL-1 activity is blocked, adverse cardiac remodeling and cardiac dysfunction after an
AMI is consistently reduced (Supplemental Table I11).

Similar to the administration of IL-1Ra targeting the IL-1R1, administration of recombinant
IL-37 or IL-38, broad inflammatory inhibitors of the IL-1 family, also ameliorated
myocardial ischemia reperfusion injury in the mouse.118-120 ||_-33 is a cytokine of the

IL-1 family that modulates the inflammatory response toward a T response helper 2. When
IL-33 is administered to mice during AMI, IL-33 reduced infarct size and prevented adverse
remodeling, through the activity on the IL-1R4 (ST2) receptor.121. 122 | -33 is also released
by endothelial cells during pressure overload, in which case I1L-33 favorably regulates

the cardiac remodeling process.123: 124 The |L-33 pathway is of particular interest in HF
because, the soluble form of the ST2 (sST2) is being developed as a biomarker for acute
decompensated HF.125. 126 || -1Ra may also exert an endogenous intracellular protective
signaling, independent of IL-1R1.127

The Virginia Commonwealth University Anakinra Remodeling Trials (VCUART)
—The effects of IL-1 blockade in patients with AMI has been studied in patients with

large infarcts, such as those with ST-segment elevation (STEMI) who show an intense
inflammatory response. The levels of the inflammatory marker CRP predicts outcomes
including cardiac rupture and incidence of HF in patients with STEMI.128 The VCUART
Phase 11 clinical trial program included 3 sequential studies (N=139).12%-133 |n each study,
patients with STEMI received 14 days of anakinra or placebo. Treatment with anakinra
was well tolerated and led to a significant reduction in the acute inflammatory response
measured as area-under-the-curve for CRP.130. 131,133 Anakinra for 14 days in patients
with STEMI also showed a significantly lower incidence of new onset heart failure and

of heart failure hospitalization versus placebo (Table 1).131: 133 |n a sub-analysis of the
CANTOS trial, canakinumab resulted in a reduction in the hospitalizations for HF (Table
1).134 In the MRC-ILA-Heart study of 182 patients with AMI of smaller size, without
ST-segment elevation (non-STEMI), IL-1 blockade with anakinra also reduced C-reactive
protein levels at 7 days, but failed to improve clinical outcomes.13> We conclude that
NLRP3 inflammasome activation with enhanced IL-1 activity during AMI contribute to the
risk of heart failure and that IL-1 targeting therapy may prevent recurrent atherothrombotic
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events but also the incidence of HF. Table 1 summarizes clinical trials with IL-1 targeted
strategies in patients with AMI.

In summary, preclinical data show that the IL-1 family of cytokines and the NLRP3
inflammasome are involved in the myocardial response to ischemia-reperfusion injury, and
IL-1 blockade with anakinra in patients with AMI may reduces progression to heart failure.

IL-1, inflammasome, and heart failure

Once HF is established, the condition tends to become chronic and patients experience
symptoms due to impaired cardiac function at rest or with exertion, often on a daily basis.136
Patients with HF experience a progressive decline over time and are predisposed to periods
of exacerbations, which accelerate the decline and shorten survival.136 Given that HF
represents a final common pathway for many CVD disorders, the incidence and prevalence
of HF continue to increase37 despite significant progress in the diagnosis and management.
Across the spectrum of CVD in the past, many patients would not have survived yet today
they are alive but face multiple disabilities due to impaired cardiac function. There is a
certain urgency for more and better treatments to prevent and treat HF.

IL-1 and heart failure—Inflammation promotes and aggravates HF.93: 138 As discussed
above, cytokines of the IL-1 family contribute to atherothrombosis and AMI, common
events in for development of HF in addition the metabolic risk factors in HF.139. 140
Moreover, IL-1 is also known to directly modulate cardiac contractility, being recognized
as one of the *soluble cardiodepressant factors’ in sepsis.8 Indeed, plasma from patients
with severe sepsis and shock suppressed contractility and p-adrenergic receptor signaling

in cardiomyocytes /n vitrovia a IL-1 dependent mechanism.8 Similar cardiodepressant
properties were observed using serum of patients with acute decompensated systolic heart
failure through an IL-1- and IL-18-mediated mechanism.141. 142 Endogenous IL-1p and
IL-18 are also contribute to contractile dysfunction following myocardial ischemia.143

The evolutionary advantage of the vascular effects of the IL-1 family of cytokines may

be related to the promotion of local vasodilatation in order to redirect blood flow to

bring leukocytes to an area of infection. The cardiodepressant effects of IL-1p and 1L-18
counterbalance the increase in oxygen consumption due to reflex tachycardia. These
protective mechanisms for combatting infection become counter-productive in humans with
HF. Once released, IL-1p and IL-18 impair contractility by multiple mechanisms, including
those that disrupt cytoplasmic calcium handling through modulation of protein synthesis
(Figure 4, Supplemental Table 111).% ® These cumulative effects reduce the intrinsic property
of cardiomyocytes to contract (inotropy) and to relax (lusitropy), observed in reductions of
systolic and diastolic function.* ° IL-1p also appears to induce pro-arrythmic changes in
vitroand in vivo.*®

In mice, the effects of IL-1p and I1L-18 on contractility are transient and reversible,144
supporting the hypothesis that blocking these cytokine could improve or restore cardiac
function in humans. In a study of 23 patients with rheumatoid arthritis - a condition with
elevated IL-1p levels - a single dose of anakinra of 150 mg resulted in a significant
improvement in cardiac and vascular function.14® The link between IL-1 and HF is also

Circ Res. Author manuscript; available in PMC 2022 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abbate et al.

Page 13

supported by elevated circulating levels of IL-1p as well as surrogate biomarkers such

as IL-1Ra, IL-6 or CRP, each of which correlate with worsening HF symptoms and
outcomes. 134 146-149 Data on plasma IL-18 are limited; in one study of 38 patients

with HF, those with acute decompensation had higher 1L-18 levels compared to those
without decompensation.150 In preclinical models of HF due to ischemia/infarction, pressure
overload, anthracycline toxicity, radiation injury or septic cardiomyopathy, reducing IL-1

or IL-18 activities directly or by blocking downstream signaling of I1L-1 resulted in a

more favorable remodeling pattern and an amelioration of the HF phenotype (Figure 4,
Supplemental Table I11).

IL-1 blockade in heart failure: early clinical trial experience—Anakinra
adminstered to patients with stable chronic systolic HF resulted in a significant reduction
in circulating levels of CRP and IL-6 levels; these patients experienced a significant
improvement in cardiorespiratory function (measured as peak oxygen consumption) and
quality of life related to cardiac fitness (Table 2).142 In patients with acute decompensated
systolic heart failure, anakinra initated within 24 hours of admission had significantly
reduced acute inflammatory responses compared to placebo and after 14 days of treatment,
improved left ventricular ejection fraction.1®1 In another study in patients hospitalized for
acute decompensated systolic HF, anakinra was initiated at discharge and continued for
12 weeks. Improved cardiorespiratory fitness (peak oxygen consumption), reduced levels
of N-terminal pro-brain natriuretic peptide (NT-proBNP), and increased quality of life
(REDHART study) was observed (Table 2).152 A larger clinical trial of anakinra for 24
weeks after hospital discharge is currently ongoing (REDHART? study).1%3

Approximately half of HF patients have preserved ejection fraction (EF) and are therefore
classified as HF with preserved EF (HFpEF). Impaired cardiac diastolic function is
commonly present, in addition to other cardiac and non-cardiac abnormalities.1>* Daily
anakinra was administred to 12 patients with HFpEF and resulted in a modest but significant
improvement in cardiorespiratory fitness (peak oxygen consumption) in a pilot cross-over
trial with placebo treatment (D-HART).155 A follow-up study in 31 patients with HFpEF
(D-HART?2) showed significant increases in treadmill exercise time, lower NT-proBNP
levels, and improved quality of life measures without significant change in peak oxygen
consumption.®6 In the CANTOS trial, as discussed above, patients having experienced

an AMI at least 30 days before enrollment were largely free of HF. In this population,
those randomized to canakinumab treatment had significantly lower hospitalizations for
HF.134 Moreover, baseline 1L-6 and CRP levels were independent predictors of HF
hospitalizations.134 In 279 patients with stable systolic HF treated for 6 months with
colchicine, a non-specific of the NLRP3 inflammasome inhibitor and of I1L-1-mediated
migration of myeloid cells, did not reduce HF or any significant improvement in clinical
outcomes.157 A phase IB trial with dapansutrile, a specific NLRP3 inhibitor, is ongoing.1%8
Table 2 summarize the results IL-1-targeted clinical trials in patients with HF.

In summary, preclinical data show that the IL-1 family of cytokines contribute to cardiac
dysfunction, and IL-1 blockade with anakinra or canakinumab in patients with HF improves
cardiorespiratory fitness and prevents HF hospitalizations.
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IL-1, the NLRP3 inflammasome and inflammatory heart disease

Inflammatory heart disease is a condition in which inflammation is considered the primary
mechanism of disease.13¢ In such conditions, inflammation may have been initiated
following an injury, often a viral infection, but the inflammation persists and can lead to
organ dysfunction, pathological remodeling and heart failure.1% The various syndromes

are defined by how the heart is affected. For example, myocarditis refers to inflammation
affecting the myocardium259, whereas pericarditis is inflammation of pericardial covering of
the heart.260. 161 |nflammatory heart syndromes are highly heterogeneous conditions with
varied pathogenesis. Only recently, preclinical and clinical studies have explored the role of
IL-1 and the inflammasome in these syndromes. The injury during a viral infections or from
chemotherapy often activates NLRP3 inflammasome, similar to that during AMI.

Myocarditis—Patients with acute, idiopathic myocarditis following a viral infection show
intense NLRP3 inflammasome formation in the heart.162 This finding was also observed in a
mouse model of viral myocarditis due to Coxsackie B virus; treatment with a caspase-1
inhibitor downstream from NLRP3 rescued the animals.163 Rescue has been observed

in mice with acute myocarditis but deficient in MyD88 signaling of IL-1, in transgenic

mice overexpressing IL-1Ra and in mice treated with a neutralizing anti-1L-1 monoclonal
antibody.163-165 |n humans, anakinra has improved heart function in selected cases of

acute myocarditis refractory to standard treatment.166: 167 ||_-1 blockers have also been
studied in non-infectious autoimmune mouse models of myocarditis, in which the disease is
induced by microbial antigens triggering the inflammatory response.168 Rejection after heart
transplantation represent a severe example of deregulated inflammation and myocarditis.
Activation of the NLRP3 inflammasomes in the heart of patients with rejection parallels the
clinical severity of the condition.169

Sarcoidosis—Cardiac sarcoidosis is a particular form of myocarditis that affects at least
25% of patients with sarcoidosis based on autopsy and imaging data.17 The clinical
manifestations of cardiac sarcoidosis depend on the location of involvement and include
cardiac conduction abnormalities, ventricular arrhythmias, and heart failure. The etiology
sarcoidosis is not known but is likely an immunologic response to an unidentified antigenic
trigger in genetically susceptible hosts. Although primary treatment is glucocosteroids
and/or immunosuppressive agents, there is little convincing data of improved outcomes.
Recent data reveal the formation of the NLRP3 inflammasome in myocardial granulomata
of patients with cardiac sarcoidosis, opening the pathway for novel treatment.1’2 In a small
randomized controlled trial of patients with symptomatic cardiac sarcoidosis, IL-1 blockade
with anakinra is being used for evaluation of safety and efficacy.172

Pericarditis—A similar pattern of NLRP3 inflammasome activation was demonstrated
within the pericardial layers of patients with chronic pericarditis.1”3 The benefit of
colchicine, a non-specific NLRP3 inflammasome inhibitor, in treating pericarditis is well
established, and is first line therapy for a first and recurrent pericarditis (Table 3).174-177 The
benefits of colchicine are particularly evident in patients with recurrent pericarditis who are
at greater risk of recurrences and complications.161. 174, 176

Circ Res. Author manuscript; available in PMC 2022 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abbate et al.

Page 15

A causal role for IL-1-mediated inflammation in pericarditis is also found in the AnakinRa
for Treatment of Recurrent Idiopathic Pericarditis (AIRTRIP trial).160. 178 The AIRTRIP
trial included patients with recurrent pericarditis, who were resistant to colchicine and
dependent on corticosteroid therapy, receiving anakinra 100 mg daily for 60 days.1”8

All patients responded to anakinra and stopped glucorticoid therapy. After remission of
symptoms, patients were assigned continuation of anakinra or switching to placebo. Those
randomized to anakinra experienced a 90% survival free of recurrence as compared with
18% in placebo.178 Other studies report the efficacy of anakinra in acute and chronic
pericarditis.160: 179 A 24-week follow-up Phase 11 study with rilonacept, a soluble IL-1
receptor chimeric fusion protein neutralizing IL-1a and IL-1, was performed in 16 patients
with recurrent pericarditis and showed a significant decrease in both pericardial pain and
CRP within 24 hours following the first dose with a 100% response rate.189 A Phase 111
clinical trial with rilonacept is currently ongoing.181 A small proof-of-concept clinical trial
of anakinra in acute pericarditis is currently ongoing.182

Together, these data validate the role of the NLRP3 inflammasome and IL-1 in myocarditis
and pericarditis. Although colchicine remains the first-line treatment for patients with
pericarditis, IL-1 blockade with anakinra has become standard of care in patients refractory
to initial treatment.161 Table 3 summarizes pre-clinical and clinical evidence supporting a
role for IL-1-targeted therapy in inflammatory heart disease.

Clinically Available Pharmacologic Inhibitors

There are three approved biologics for blocking IL-1: anakinra, a recombinant form of

the naturally occurring IL-1Ra; rilonacept, a soluble chimeric Fc fusion protein of IL-1R1
and IL-1R3 and canakinumab, a humanized monoclonal antibody specific for neutralizing
IL-1B (Table 4). Although none of these IL-1 blockers have an indication for a CVD

at the present time, each has been explored in patients with heart diseases. Other I1L-1
blocking biologics in clinical trial but not approved for any indication are bermekimab,

a naturally occuring monoclonal antibody specific for neutralizing IL-1a; gevokizumab, a
humanized monoclonal antibody specific for neutralizing IL-18; lutikizumab, a humanized
monoclonal antibody with dual affinity for IL-1a and IL-1f; and AMG108, a humanized
monoclonal antibody targeting IL-1R1 that blocks IL-1a and IL-1p. Tadekinig alfa is a
recombinant form of naturally occurring IL-18BP with a high affinity for neutralizing
IL-18. In addition, dapansutrile, an orally active specific inhibitor of NLRP3, is used for
reducing the processing and release of IL-1p. Both approved and those in clinical studies are
well-tolerated and have broad safety margins when used in efficacious doses.

Anakinra, recombinant IL-1 receptor antagonist—Anakinra (Kineret®, Swedish
Orphan Biovitrum, Stockholm, Sweden) blocks the IL-1R1 inhibiting the activities of
IL-1a and IL-1B. Anakinra is approved for rheumatoid arthritis and Cryopyrin Associated
Periodic Syndrome, a multisystemic IL-1B-mediated disease due to a gain of function in
NLRP3. A single 100 mg dose of anakinra is administered subcutaneously once daily

and in exploratory cardiovascular diseases, increasing the daily does does not significantly
improve outcomes.33 The most common side effect is injection site reactions such as
pain and erythema in approximately 20% of patients that often abate with continued
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use. A large number of patients, both adults and children, have been treated with daily
anakinra for more than 15 years and the safety of anakinra is well-established compared to
other biologics.183 Although rare allergic reactions and anaphylaxis to anakinra have been
reported, anakinra is not associated with untoward effects on blood pressure, renal function,
metabolism or hepatic toxicity. Anakinra can lead to decreases in neutrophil counts, which
is reversible; nevertheless, counts should monitor periodically with chronic use. Anakinra
is contraindicated in patients with active or recurrent infections. While anakinra does not
increase the risk of reactivation of M. tuberculosis or opportunistic infections, an increase
in the severity of common infections can be expected. An intrinsic risk for infection as

with the use of all anti-inflammatory biologics, the blunting of signs and symptoms of
inflammation, for example fever, can result in delayed recognition of an indulant infection.
A distinct advantage of anakinra is the rapid half-life such that withdrawal of treatment

is recommended for patients with minor symptoms of infection. Relevant to the safety of
anakinra over compared to other biologics, three randomized controlled trials of anakinra in
over 2,000 patients with severe sepsis and septic shock revealed that 28-day mortality was
not worse for those treated with anakinra. In fact, there was a potential signal for benefit in
patients with more severe sepsis.24 184 Since approval in 2001, off-label use of anakinra use
in thousands or patients supports its safety.

Rilonacept, chimeric soluble decoy receptor for IL-1—Rilonacept (Arcalyst®,
Regeneron Pharmaceuticals, Tarrytown, NY, USA) is a chimeric recombinant fusion protein
consisting of the IL-1 receptor 1 and the IL-1 receptor accessory protein, functioning as

a soluble decoy protein that binds IL-1a, IL-1p, and IL-1Ra. Rilonacept is approved for

the treatment of CAPS and is administered as a loading dose of 320 mg subcutaneous
injection once followed by 160 mg every 2 weeks. Rilonacept is also associated with
injection site reactions. Similar to all IL-1 blockers, as discussed above, awareness for the
risk of infections also apply for rilonacept. The clinical trial and real life experiences with
rilonacept is rather limited, when compared with anakinra, but the safety profile appears to
be comparable.

Canakinumab, monoclonal IL-1pB antibody—Canakinumab (Ilaris®, Novartis, Basel,
Switzerland) is a humanized monoclonal antibody neutralizing IL-1p and not IL-1a, and as
such canakinumab differs from anakinra and rilonacept. Canakinumb has a long half-life
and is dosed once monthly at a dose of 150 to 300 mg (or 2—4 mg/kg in pediatric

patients) for the CAPS, Tumor Necrosis Factor Receptor Associated Periodic Syndrome,
Hyperimmunoglobulin D Syndrome/Mevalonate Kinase Deficiency, Familial Mediterranean
Fever, and Systemic Juvenile Idiopathic Arthritis. The Phase I1 pilot study prelude to

the CANTOS triall8% showed that a single dose of canakinumab at 1.5 mg/kg was

sufficient to reduce CRP by >40% for up to 12 weeks. Therefore, in the CANTOS trial
canakinumab was administered every 12 weeks.1? Nevertheless, the long duration of action,
however advantageous for many reasons, has a down-side when managing side effects

or complications. The CANTOS trial represents the largest cytokine inhibition study ever
completed in any indication and provides several thousands of patient-years of exposure.13
Although canakinumab did increase infections, including infection-related deaths, there
was a highly significant reduction in cancer-related deaths.13 Infection-related deaths was

Circ Res. Author manuscript; available in PMC 2022 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abbate et al.

Page 17

approximately 0.1% of all infections and related to common bacterial infections, not to
opportunistic infections. Infections appeared to be present across all dose groups and was
statistically significant versus placebo only when all 3 group canakinumab treatment groups
(50, 150 and 300 mg) were pooled together.23 A 77% reduction in mortality in patients

with lung cancer was observed with the 300 mg dose. 8. During the CANTOS trial,
patients who developed a cancer did not receive further canakinumab but rather were treated
with standard of care, suggesting that only a short duration neutralizing IL-1p improves
anti-tumor standard of care.

Other inhibitors—Gevocizumab, a humanized monoclonal antibody against IL-1f with
residual agonistic activity, is in clinical development but not approved.187 Recent interest

in the NLRP3 inflammasome has led to preclinical studies of several inhibitors. Colchicine
has been proposed as a non-specific NLRP3 inflammasome inhibitor and has explored in
cardiovascular clinical trials. Whether the anti-inflammatory properties of colchicine are due
to inhibition of the inflammasome or an inhibitor of IL-1 induced migration of leukocytes,
requires further research. To date, colchicine is not approved for any cardiovascular
indication. Dapansutrile (OLT1177) is a specific NLRP3 inflammasome inhibitor being
tested in humans for cardiovascular and other indications.10% 158 No NLRP3 inflammasome
inhibitors are currently approved for any indication. There are several recent in-depth
reviews on NLRP3 inflammasome inhibitors.16: 62. 188

Conclusions

The NLRP3 inflammasome and IL-1 family of cytokines are central to the pathologic
response to injury and represent a key pathogenetic mechanism in the formation,
progression, and complication of atherosclerosis and the myocardial response to

ischemic and non-ischemic injury. IL-1 targeted therapies have shown alredy to improve
cardiovascular outcomes in clinical trials in patients with or at risk for AMI, HF, and
recurrent pericarditis. Canakinumab, IL-1p antibody, prevented the recurrence of ischemic
events in patients with prior AMI in a large phase 11 clinical trial including 10,061 patients
world-wide. Phase Il clinical trials show promising data with anakinra, recombinant IL-1
receptor antagonist, in patients with ST segment elevation AMI or HF with reduced ejection
fraction. Anakinra also improved outcomes in patients with pericarditis and it is now
considered standard of care as second line treatment for patients with recurrent/refractory
pericarditis. Rilonacept, a soluble IL-1 receptor chimeric fusion protein neutralizing IL-1a
and IL-1p, has also shown promising results in a phase 11 study in recurrent/ refractory
pericarditis. Colchicine, a non-specific NLRP3 inflammasome inhibitor and inhibitor of
IL-1 mediated leukocyte migration, is also an effective treatment for pericarditis, and it

has been recently shown to reduce the risk of recurrent ischemic events in patients with
AMI. Whether the effects of colchicine in cardiovascular disease are mediated by an effect
on the NLRP3 inflammasome and/or IL-1 signaling remains to be determined. Specific
oral NLRP3 inflammasome inhibitors are under clinical development. There is therefore
overwhelming evidence linking the NLRP3 inflammasome and the IL-1 cytokines with the
pathogenesis of cardiovascular diseases. The future will likely include targeted inhibitors to
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block the IL-1 isoforms, and possibly oral NLRP3 inflammasome inhibitors, across a wide
spectrum of cardiovascular diseases.
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Figurel.IL-1and IL-1 Receptors
A. Resting state of ligand binding chain of IL-1R1 and the co-receptor IL-1R3 on cell

surfaces. B. Binding of IL-1p (or IL-1a not shown) to IL-1R1 results in a conformational
change allowing IL-1R3 to bind resulting in a heterotrimeric complex. The TIR domains in
the intracellular compartment approximate, MyD88 binds and triggers a pro-inflammatory
signal via NFxB (not shown). C. IL-1Ra binds to IL-1R1 but does not cause a
conformational change. IL-1R3 does not bind, a trimeric complex is not formed and there is
no signal despite the presence of IL-1p. The affinity for IL-1Ra for IL-1R1 is greater than
that for IL-1a and least for IL-1p. D. IL-1p binds to IL-1R2 and a conformational change
occurs, IL-1R3 binds and there is a trimeric complex. Since IL-1R2 lacks an intracellular
domain, there is no TIR domain to dimerize with the TIR domain on IL-1R3. There is no
signal. E. soluble IL-1R2 in the extracellular space binds IL-1p and sequesters IL-1p away
from IL-1R1 on cells. F. Soluble I1L-1R2 binds IL-1p and forms a complex with soluble
IL-1R3 resulting in a higher affinity for IL-1p.

Abbreviations: IL-1, interleukin-1; IL-1R1, ligand binding IL-1 Receptor type 1; IL-1R3,
co-receptor IL-1 Receptor type 3; IL-1Ra, IL-1 Receptor antagonist; MyD88, Myeloid
Differentiation Factor 88 IL-1R2, IL-1 receptor type 2; sIL-1R2, soluble (extracellular
domain) IL-1R2sIL-1R3, soluble IL-1R3; TIR, Toll-IL-1-Receptor domain. Illlustration
credit: Ben Smith
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Figure 2. Schematic of the NLRP3 inflammasome for mation.

In most cells, including macrophages resident cells, activation of the NLRP3 inflammasome
activation requires two signals. Signal 1 (left) is a priming step. Tissue damage, such as
ischemia reperfusion injury, promotes the release of DAMPSs, including the IL-1a precursor
(pro-1L-1a)) and eATP. The Signal 1 priming is initiated when DAMPs activate membrane
receptors, including the TLRs or the IL-1R1, leading to the translocation of NF-xB into the
nucleus. This event promotes the transcription and translation of several of pro-inflammatory
genes, particularly the precursors of IL-1p and IL-18, as well as components of the NLRP3
inflammasome. IL-1p and IL-18 precursors accumulate in the cytosol and signal 1 does

not directly result in NLRP3 activation. Signal 2 provides the trigger for activation of the
inflammasome. This signal is promoted by eATP or intracellular DAMPs (e.g. mitochondrial
molecules, like ROS, or lysosomal content) which in most cases involve the efflux of
K*. In the heart, eATP activates the purinergic receptor P2X7, resulting in K* efflux with
subsequent activation of NLRP3. NLRP3 oligomerizes and binds ASC and pro-caspase-1
resulting in the auto-catalytic cleavage of pro-caspase-1 to active caspase-1. Caspase-1
cleaves pro-IL-1p and pro-IL-18 into their mature and active forms. Caspase-1 also cleaves
gasdermind D (GSDMD) producing an N-terminal fragment that oligomerizes and forms
plasma membrane pores. These pores facilitate the release of mature IL-1p and IL-18 into
the extracellular space. Active Caspase-1 induces degradation of glycolysis enzymes thus
reducing the energy production in the cell. Caspase-1 and GSDMD pores also mediate a
form of regulated cell death termed pyroptosis. Illlustration credit: Ben Smith
Abbreviations: ASC, apoptosis-associated spec-like protein containing a carboxy-terminal
containing a caspase recruiting domain; DAMPs, damage associated molecular patterns;
eATP, extracellular adenosine triphosphate; GSDMD, gasdermin D; IL-1a, interleukin-la,;
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IL-1B, interleukin-1pB; IL-18, interleukin-18; IL-1R, Interleukin-1 receptor type 1; NF-xB,
Nuclear factor-xB; NLRP3, NACHT LRR and PYD domains-containing protein 3; P2X7,
purinergic receptor 2X7; ROS, reactive oxygen species; TLR, Toll-Like Receptors.
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Figure 3. IL-1, inflammasome and atherothrombosis
Atherosclerosis is a chronic process that can culminate with plaque rupture and

atherothrombosis. (1) Pro-inflammatory lipoproteins in the lumen of the arteries promote
endothelial dysfunction and permeability, leading to accumulations of lipids and migration
of pro-inflammatory cells (leukocytes) in the intima of the vessel. (2) Over time, the
accumulation of lipids, including cholesterol, and inflammatory cells leads to production

of cytokines, including IL-1a, NLRP3 inflammasome activation, and production of
inflammasome dependent cytokines IL-1p and IL-18. This process perpetuates endothelial
dysfunction, impairs vasodilation, activates leukocytes and promotes oxidative stress, plaque
growth and arterial expansive (outward) remodeling. (3) IL-1 activity increases coagulation
factors, contributes to platelet activation and promotes plaque rupture and thrombosis.
Ilustration credit: Ben Smith

Abbreviations: IL-1a, interleukin-1a; IL-1p, interleukin-10; IL-18, interleukin-18; NLRP3,
NACHT, LRR, and PYD domains-containing protein 3.

Circ Res. Author manuscript; available in PMC 2022 January 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Abbate et al. Page 35

Ischemic Necrosis Acute Phase

Coronary Artery
Occlusion

NLRP3 Inflammasome Mediates
Pyroptotic Cell Death

Ischemia Reperfusion Injury

Infarct Growth
Heart Transversal Section
IL-1B Impairs Ventricular Contractility, SUbtACUTe
Remodeling, and B-Adrenergic Ehase
Receptor Responsiveness
IL-1B Promotes
Systemic Inflammation,
Cardiac Dysfunction,
and Reduces B-Adrenergic
Receptor Responsiveness / Adverse Cardiac Remodeling

Advanced Heart Failure Heart Failure

Chronic Phase

Figure4. IL-1 and theinflammasomein AMI and heart failure
Prolonged coronary artery occlusion leads to necrosis of the cardiomyocytes and acute

myocardial infarction (AMI). In the acute phase, reperfusion limits necrosis but it does not
interrupt the inflammatory response. Activation of the inflammasome following ischemia
and reperfusion contributes to the acute loss of cardiomyocytes through pyroptotic cells
death. In the subacute phase, locally produced IL-1f reduces myocardial contractility and
the myocardial response to B-adrenergic receptor agonists, favoring adverse ventricular
remodeling and heart failure. In the chronic phase, locally or systemically produced IL-1p
perpetuates the contractile dysfunction, impaired p-adrenergic receptor responsiveness,
progression of adverse ventricular remodeling and worsening heart failure. Cross-sections of
the ventricles are depicted. The arrows represent the movement and force of the ventricular
walls, with progressive weakening of contractility over time. Illlustration credit: Ben Smith
Abbreviations: AMI, acute myocardial infarction; IL-1p, interleukin-1pB; LV, left ventricle;
RV, right ventricle.
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