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Journal of the American Heart Association

CONTEMPORARY REVIEW

“How to Release or Not Release, That Is
the Question.” A Review of Interleukin-1
Cellular Release Mechanisms in VVascular
Inflammation

Evan Kidder (@, BS; Siddhartha Gangopadhyay @, PhD; Sheila Francis 2, PhD; Mabruka Alfaidi ¢, MD, PhD

ABSTRACT: Cardiovascular disease remains the leading cause of death worldwide, characterized by atherosclerotic activity
within large and medium-sized arteries. Inflammation has been shown to be a primary driver of atherosclerotic plaque forma-
tion, with interleukin-1 (IL-1) having a principal role. This review focuses on the current state of knowledge of molecular mecha-
nisms of IL-1 release from cells in atherosclerotic plaques. A more in-depth understanding of the process of IL-1’s release
into the vascular environment is necessary for the treatment of inflammatory disease processes, as the current selection of
medicines being used primarily target IL-1 after it has been released. IL-1 is secreted by several heterogenous mechanisms,
some of which are cell type—specific and could provide further specialized targets for therapeutic intervention. A major unmet
challenge is to understand the mechanism before and leading to IL-1 release, especially by cells in atherosclerotic plaques, in-
cluding endothelial cells, vascular smooth muscle cells, and macrophages. Data so far indicate a heterogeneity of IL-1 release
mechanisms that vary according to cell type and are stimulus-dependent. Unraveling this complexity may reveal new targets
to block excess vascular inflammation.
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vascular wall cells

ardiovascular disease is the leading cause of

disease death worldwide' and is character-

ized by the underlying disease process of ath-
erosclerosis, a narrowing or hardening of large and
medium-sized arteries.? Despite many advances in
disease management, therapies are still insufficient
to fully mitigate atherosclerosis, which consequently
affects cardiovascular disease risk and mortality.?
Atherosclerosis was classically thought of as a disease
characterized solely by glucose and lipid metabolism
pathologies.® However, several observational studies
led by Ridker, Libby, Abbate, and others documented
an increase in plasma proinflammatory mediators,
namely CRP (C-reactive protein), a surrogate marker

for IL (interleukin)-1, as a major inflammatory culprit in
atherosclerosis, in patients with coronary events.*-®
These findings and subsequent experimental studies
suggest that inflammation plays a critical role in the
pathophysiology of atherosclerosis, presenting novel
and unique opportunities for targeting cardiovascular
disease in patient care.

In atherosclerosis, many cytokines are released lo-
cally in the vessel wall such as IL-1, IL-18, and IL-6,”
with IL-1 having been extensively investigated in ani-
mals and humans,® and have been shown to be re-
duced using the traditional lipid-lowering medications
(eg, atorvastatin).® Within atherosclerotic plaques, IL-1
can be released from endothelial cells (ECs),'° vascular
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Nonstandard Abbreviations and Acronyms

EC endothelial cell

MyD88 myeloid differentiation primary response
protein 88

NF-xB nuclear factor-kappa B

NLRP3 nucleotide-binding oligomerization
domain, leucine-rich repeat family pyrin
domain-containing 3

VSMC vascular smooth muscle cell

smooth muscle cells (VSMCs),'"" and immune-derived
cells’? through a stimulus dependent and cell-type
specific release process.”® Once released, IL-1 plays a
pivotal role in atherosclerosis progression from early
stages of atherogenesis'* to the formation of complex
unstable lesions.'® Recently, we have shown a role for
endothelial IL-1 in linking the disturbed atherosclerotic
environment to endothelial-to-mesenchymal transition
and plaque instability.'®

The term IL-1 refers to closely related genes on chro-
mosome 2 that code for 2 functionally different proteins,
IL-1e (IL-1 alpha) and IL-1B (IL-1 beta)."” Polymorphisms
in IL-18 (rs1143634) and IL-1a (rs1800587) have been
linked to the increased inflammation and coronary
artery disease.'® IL-1a is constitutively produced in all
mesenchymal cells and can be secreted by necrotiz-
ing cells in an already active precursor form.'® Upon
its secretion, it binds to the plasma membrane and
acts locally to prime inflammasome activation.'® By
contrast, IL.-18 (the main circulating form of 1L-129), is
first produced as an inactive pro-form (pro-IL-18) and
is released from cells as active mature (21- to 17-kDa)
forms.?! IL-1 is a leaderless cytokine that lacks the sig-
nal peptide responsible for directing secretory proteins
through the endoplasmic reticulum-Golgi pathway of
protein secretion.?? The proposed mechanisms by
which IL-1 is released, such as lysosome-regulated
secretory routes,?® microvesicle shedding,?* exosomal
mediated release,?® and potentially via specific chan-
nels/pores,?® are summarized in the next sections and
in Figure 1. This review discusses IL-18’s continually
emerging role in vascular inflammation and the pro-
posed routes of secretion of IL-1 from different vascular
wall cells.

IL-1 ISOFORMS INTERACT WITH THE
IL-1RI/Il RECEPTOR

Once released, both IL-1a and IL-18 bind to the same
receptors, including IL-1RI or IL-1R1 (L1 recep-

tor type I) and IL-1RIl or IL-1R2 (IL-1 receptor type )7
(Figures 2 and 3). An important component of IL-1R
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signal activation is the interaction between IL-1 and IL-
1R AcP (IL-1R accessory protein).?” IL-1R AcP is also
called IL-1R3 and it can act as a coreceptor to the other
members of the IL-1 family, such as IL-33 (fully reviewed
in Dinarello'). Binding of IL-1 to IL-1R AcP leads to re-
cruitment and binding of intracellular adaptor proteins,
including MyD88 (myeloid differentiation primary re-
sponse protein 88).28 MyD88 binds to the intracellular
domain of IL-1R1 and triggers cascade of kinases that
ultimately promotes nuclear factor-kappa B (NF-xB)
activation.?® In addition to IL-1R1, it has been reported
that MyD88 also binds to other receptors such IL-18R
and TLR2/4 (toll-like receptors 2/4).""

IL-1 is a proinflammatory cytokine, and for it to be
kept at negligible circulatory levels in a disease-free
state, the production of IL-1 is controlled by multiple
autoregulatory mechanisms. A naturally occurring
competitive inhibitor, IL-1ra (IL-1 receptor antagonist),
competes with IL-1 binding at the receptor level with-
out downstream signaling effects®® due to a lack of
engagement with the IL-1R AcP interacting domain.?°
Further control is provided by a decoy receptor, IL-1RI
or IL-1R2, which binds to IL-1 without causing any sig-
nificant changes in cellular system.'” IL-1R2 binds to IL-
1, limiting IL-1-IL-1R1 interactions' (Figure 3). Studies
on IL-1R2 are limited and the functional roles of this
receptor in atherosclerosis development and pro-
gression are still unclear. In contrast, there has been
sustained interest in the role of IL-1ra (anakinra) as an
antiatherogenic drug that has been shown to reduce
atherosclerotic plaque sizes and downregulate inflam-
matory cytokines (IL-18 and IL-6) in vitro.®

PROCESSING OF THE IL-1
PRECURSOR

We and others have shown increased levels of IL-1p
mRNA and protein in human coronary atherosclerotic
plagques.3? Found mainly in ECs, VSMCs, and mac-
rophages, these increased levels provide compelling
evidence that IL-18 is synthesized and released locally
in the arterial wall during the development of athero-
sclerosis. In the field of IL-1 release, most studies have
been conducted on monocytes and macrophages and
the importance of these cells in the pathophysiology of
atherosclerosis and inflammatory vascular pathology is
well known and IL-1 release mechanisms have been
well documented.®? In contrast, this review focuses on
the current understanding of IL-1 release mechanism(s)
in the vascular wall cells.

In response to immune stimulation, ligand engage-
ment of IL-1R1 or TLRs causes MyDDosome complex
aggregation and activation through the intracellular
domains of IL-1R1, linking ligand stimulation to the ac-
tivation of both IRAK4 (IL-1—activated kinase type 4)
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Figure 1. The molecular mechanisms of IL-1 release.

IL-1 binding to IL-1R1 results in a cascade of activation and phosphorylation, which ultimately promotes NF-xB nuclear translocation
and transcription and formation of pro-IL-1f. After the generation of pro-IL-1§ (the inactive form of IL-18: 31 kDa), the inflammasome
complex is assembled in response to a second stimulus, such as ATP activation of P2X7 receptors. Following this, the inflammasome
complex is assembled, and procaspase-1 is cleaved into active caspase-1, which cleaves pro-IL-1 into various forms including
the mature 17-kDa IL-1B. IL-18 can be released as a soluble (membrane-unbound/ free) or a vesicular (membrane-bound) form.
Throughout the decades of research on IL-18, different mechanisms for mature IL-1f release have been proposed, suggesting that IL-1
secretion is not a unified mechanism but rather the release varies according to cell type and is context- and stimulus-dependent. The
proposed mechanisms for soluble IL-1 secretion are: microvesicular shedding mechanisms (A); exocytosis pathways of multivesicular
bodies and /or exosome release (B); direct IL-1 release through a hyperpermeable plasma membrane (C); IL-1 release by lysosomal
exocytosis (D): following caspase-1 activation, secretory lysosomes fuse to the plasma membrane and release their IL-18 contents by
a process of exocytosis, release by gasdermin D or other pore (E). A combination of release mechanisms could occur in various repair
or pathological settings. Boxes have also been depicted in this figure to show sites in the mechanistic release process of IL-1 that
would be affected by therapeutic intervention. Therapeutics mentioned are further expounded upon in the Table. GSDMD indicates
gasdermin D; IL-16, interleukin-1 beta; IL-1R1, interleukin-1 receptor type-I; IL-1Ra, IL-1 receptor antagonist; IKKB, I-kappa-B kinase
B; IRAK1/4, interleukin-1 receptor-associated kinase 1/4; NF-xB, nuclear factor-kappa B; NLRP3, nucleotide-binding oligomerization
domain, leucine-rich repeat family pyrin domain-containing 3; and TLR, toll-like receptor.

and IRAK1 and subsequent IKKB (I-kappa-B kinase
B) phosphorylation and NF-xB activation (Figure 2),
leading to the production and accumulation of inactive
pro-IL-18 (31-kDa) in the cytoplasm.3* Along with pro-
IL-18 transcription stimulation, similar cytokines within
the IL-1 family such as IL-18 can also be produced and
thence processed by caspase-1 similar to pro-1L-18
and some other caspase independent methods."”

In addition to caspase-1, other cysteine proteases
such as caspase-4 and caspase-5 have been impli-
cated in IL-1 release. Of note, caspase-4 is found in

J Am Heart Assoc. 2024;13:e032987. DOI: 10.1161/JAHA.123.032987

humans and notin mice and transgenic mice expressing
caspase-4 exhibited significantly higher IL-1 and IL-18
secretion from primed macrophages by caspase-1-
mediated activation. Caspase-5 can induce IL-1 secre-
tion in lipopolysaccharide-primed monocytes, without
the need to activate caspase-1°°. Additionally, murine
caspase-11 (a member of caspase-1 subfamily and
most homologous to human caspase-4) has been
shown to be induced by lipopolysaccharide activa-
tion and does not directly process pro-IL-1 but acti-
vates caspase-1 to simulate the processing (functional
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Figure 2. The IL-1 signaling pathway.

IL-1 binding to its receptor IL-1R1 and to IL-1R AcP results in a downstream activation that eventually
leads to IRAK4 and IRAKT1 recruitment in order to bind to the adaptor protein MyD88. A series of IRAK4/1
phosphorylation and activation at multiple sites subsequently leads to IRAK1 dissociation from the
receptor complex, leading to signaling cascades that induce transcription of proinflammatory genes.
IL-18 indicates interleukin-1 beta; IL-1R1, interleukin-1 receptor type-I; IL-1R AcP, IL-1 receptor accessory
protein; IRAK1/4, interleukin-1 receptor-associated kinase 1/4; and MyD88, myeloid differentiation primary

response protein 88.

differences between caspase-4/5/11 reviewed by
Matikainen et al®®). Further studies are needed to
dissect the exclusive and overlapping roles between
these proteases as well as their involvement in the ca-
nonical caspase 1/inflammasome pathway. Moreover,
in vascular cells (ECs and VSMCs) the role of all of the
caspases is still underinvestigated, especially in the
context of atherosclerosis and local IL-1 release.

The term inflammasome denotes the collection of
several molecules assembled in response to a sec-
ondary inflammatory stimulus subsequently causing
protein maturation.®” The NLRP3 (nucleotide-binding
oligomerization domain, leucine-rich repeat family
pyrin domain-containing 3) inflammasome is a multim-
eric complex containing 3 components: NLRP3, ASC
(apoptosis associated speck-like protein containing a
caspase recruitment domain), and procaspase-1. The
activation of NLRP3 inflammasome is tightly controlled
and activation and cleavage of procaspase-1 into ac-
tive caspase-1 usually occurs in response to a second
hit stimulus and before the release of active/mature IL-
1B (ie, P2X7R [P2X7 receptor] activation by ATP).%8

Cells in the vascular environment respond to in-
flammatory stimuli by a variety of other inflammasome
mechanisms leading to heterogeneity in responses
temporally and locally. NLRP3- and AlM2-directed
mechanisms have been detected in monocyte/

J Am Heart Assoc. 2024;13:e032987. DOI: 10.1161/JAHA.123.032987

macrophage intimal infiltrates in early atherosclerotic
plague progression.®” Additionally, NLRP1 inflam-
masome activity has also been shown to drive endo-
thelial cell inflammatory largely in in peripheral artery
disease.®” Additionally, caspases also are activated by
a variety of other mechanisms within the vascular envi-
ronment. Caspase-1 and caspase-5 expression (along
with NLRP3 and AIM2) are overwhelmingly expressed
in lymphoid infiltrates of the media and adventitia of
the aorta.3” A comprehensive review of inflammasome
pathophysiology in vascular pathology may be found
in®". Classically, however, the pro-form of IL-1 (31-kDa)
in immune cells (and vascular cells) is cleaved to a
mature biologically active form (17-kDa) by caspase-1,
a component of the inflammasome.®3° The inflam-
masome principally referred to herein is the NLRP3
inflammasome, which is predominately activated with
the vascular environment (VSMCs, monocytes/macro-
phages, ECs; Figure 1).

In addition to caspase-1, the IL-18 pro-form can be
cleaved by other proteases, such as neutrophil elastase,
cathepsins, serpins.*® These proteases likely found in
the vessel wall cleave pro-IL-18 into a biologically active
IL-1B at distinct sites to that of caspase-1, which results
in the production of (18- to 21-kDa) isoforms of active
IL-1B.1941 Inside the vascular wall cells, the site of IL-1
processing is largely unknown. Moreover, systematic
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Figure 3. Antagonism of IL-1 signaling pathway.

Classical IL-1a/IL-1B signaling through the IL-1R1 complex as described in Figure 2 (A). IL-1Ra is a natural competitive inhibitor that
competes with the IL-1 ligand at the receptor site (B). Once it binds to the receptor, there is no ensuing downstream activation,
because IL-1Ra lacks the domain that allows it to bind to the IL-1R AcP. Binding between IL-1 and IL-1R2 does not initiate the activation
pathway (C). IL-1R2 molecules are decoy receptors; once they bind to IL-1 they form a trimeric complex with IL-1R AcP, separate from
the cells and exist in a soluble state (sIL-1R2). It is believed that by binding to IL-1R2, IL-1 is kept away from its signaling receptor
(IL-1R1). sIL-1R2 can also bind to the pro-form of IL-1 (pro-IL-1) and possibly other forms, preventing cleavage by extracellular proteases.
IL-18 indicates interleukin-1 beta; IL-1R1, interleukin-1 receptor type-I; IL-1R AcP, IL-1 receptor accessory protein; IL-1Ra, interleukin-1
receptor antagonist; IRAK1/4, interleukin-1 receptor-associated kinase 1/4; MyD88, myeloid differentiation primary response protein
88; and slL-1R2, soluble interleukin-1 receptor type-2.

studies of specific cleavage mechanisms for pro-IL-18
in vascular cells including ECs and smooth muscle
cells in normal and atherogenic disease settings are
needed to further characterize IL-18 secretion. So far, it
has been shown that there are caspase-1-independent
pathways that cleave pro-IL.-1 from studies carried out
in caspase-1 knockout mice, where IL-18 was still de-
tected in plasma in these settings.*> A complication is

J Am Heart Assoc. 2024;13:e032987. DOI: 10.1161/JAHA.123.032987

that caspase expression is different in humans versus
mice (mice lack caspase-4, but caspase-11 may substi-
tute*®). Future studies are needed to dissect the exclu-
sive and overlapping roles of caspases and proteases
in the cleavage of pro-IL-18 in mice and humans and in
the vascular cells. Until this is done, the scale of the con-
tribution of mature IL-18 and other isoforms in vascular
disease processes is likely to be underestimated.
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RELEASE OF IL-18 INTO THE
EXTRACELLULAR ENVIRONMENT

The mechanisms for trafficking of IL-1f outside cells into
the extracellular environment in vascular cells remain
poorly understood. There is general consensus that in
contrast to TNF-a (tumor necrosis factor alpha) or IL-
6, which have a signal sequence in proximity to their
N terminus directing their progression through the cell
factory machinery.** IL-18 lacks this directional locator
signal.??> Other control signals clearly exist, as cellular
IL-18 becomes ubiquitinated in inflammatory settings
making it inaccessible to cleavage by caspases and
directing it to the proteasomes.*® Posttranscriptional
control mechanisms may therefore regulate activity
and release. Interestingly, if endoplasmic reticulum-
Golgi trafficking inhibitors are used in vitro, IL-18 is still
released,*® raising a question as to exactly how, in
certain settings, IL-18 gets into the extracellular space.
Understanding of the mechanisms leading to the re-
lease of bioactive IL-18 may help identify new targets
and improve our understanding of the inflammatory
milieu present during atheroma progression.

IL-1 RELEASE IN THE CONTEXT OF
VASCULAR INFLAMMATION

One of the first IL-1 release mechanisms proposed
was cell lysis in response to physiological cell injury.*
However, as research on mechanisms of cell death has
become more refined, apoptosis, pyroptosis (a rapid
and inflammatory form of cell stress/programmed cell
death), and other regulated forms of cell death such as
secretory autophagy,*® were proposed to induce IL-1
release in specific cell types. Vascular cell data are lim-
ited, but in macrophages, apoptosis stimuli lead to cas-
pase-8 dependent processing of IL-18 and release.*
Extracellular ATP, acting as a damage-associated mo-
lecular pattern, can also promote IL-18 release through
activation of P2X7R or through forming a membrane
channel to promote the secretion process of 1L-1.%° In
endothelial cells, however, the expression of P2X7R
is relatively low and thus the release of IL-18 is inef-
ficient,%! demonstrating the differences between mac-
rophages and endothelial cells in terms of mechanism
of IL-1 release.

The potential complexity of the processing and
the release of -1 was evident more than 20years
ago when microvesicular release of IL-18 from THP-1
monocytes was first described.?* After activation (step
1), a second stimulus (step 2) of extracellular ATP lead
to phosphatidy! flipping, P2X7R activation and rapid
release of plasma microvesicles containing IL-1 within
minutes.?* A similar mechanism was described in other
cells, such as mature dendritic cells where IL-18 was

J Am Heart Assoc. 2024;13:e032987. DOI: 10.1161/JAHA.123.032987
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detected in microvesiclesonly from mature rather than
immature dendritic cells despite vesicles from both cell
types containing caspase-1, caspase-3, and cathepsin
D52, Canonical secretion of IL-18 appears to be regu-
lated by a 2-step process; signal 1 involves transcrip-
tion of IL-18 and pro-IL-18 accumulation within cells.
Signal 2 is mandatory for the release and consists of
activation of the zymogen caspase-1 to enable pro-
cessing of pro-IL-163. For the very rapid release of IL-14,
caspase-1 also has been shown to activate gasdermin
D pores,?® causing the secretion of a soluble form of
IL-18 (Figure 1).

In ECs derived from human coronary arteries,
we were the first to show that in response to exog-
enous neutrophil elastase treatment, IL-16 is present
in microvesicles without caspase-1 or any compo-
nents of the inflammasome complex, suggesting that
caspase-1/inflammasome is not always required for
the vesicular IL-1 release.’® Additional secretory routes
for IL-18 are proposed to be via exocytosis of secre-
tory lysosomes, via exosomes (lipid bilayer particles
30-150nm) or via exomeres derived from multivesicu-
lar bodies or a combination of mechanisms of all these
routes of secretion.*® However, these routes are gen-
erally poorly understood in human vascular wall cells.

Under control healthy conditions, vascular cells do
not produce IL-1; however, experimental studies have in-
dicated that cultured ECs and VSMCs synthesize large
amounts of IL-18 in response to different cytokine stim-
ulations.'® In addition to these cytokines, other athero-
sclerosis stimuli present in diseased vessel wall such as
neutrophil proteases,'® oxidized lipids, cholesterol crys-
tals, and calcium phosphate particles, promote IL-18
synthesis and release. Indeed, as early as the early the
1990s, multiple lipid oxidation products were shown to
induce release of IL-18 from human peripheral mononu-
clear cells; this was most pronounced with nontoxic low
concentrations of oxidized low-density lipoprotein (LDL)
for short amounts of time.5® We have shown recently
that for primed coronary artery ECs incubated for 6
hours with oxLDL, IL-18 was released via a nonvesicular
canonical caspase-1, NLRP3-dependent mechanism.?*
Interestingly, primed VSMC treated with oxidized LDL
(for just 2 hours) also released IL-1 to a similar extent,
but through a caspase-1, non-NLRP3-dependent
pathway.®* This contrast with the mechanisms of IL-13
release was also shown by calcium phosphate depos-
its, which stimulate IL-18 release from human VSMCs
by activation of SYK, caspase-1 cleavage, and release
in part through exosomes.®® Exosomes also seem to
be responsible for IL-18 release in primed human cor-
onary artery ECs after neutrophil elastase treatment.”®
Taking these observations together, the common part
of the mechanism in vascular wall cells appears to be
caspase-1 and this perhaps suggests that caspase-1
inhibitors could be helpful in vivo. Numerous challenges
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Table 1. Current Therapeutic Strategies Targeting Either IL-1 Isoforms of or Mechanistic Steps in Its Transcription,
Processing, and Subsequent Release

Study Type and population
Drug name Type of drug cited Target of drug studied Results
Quercetin Flavonoid Sul et al®® NF-xB inhibition Human in vitro: In response to oxidative stress
human alveolar epithelial caused by lipopolysaccharides,
cells quercetin significantly reduced
IL-18 mRNA levels due to NF-xB
inhibition.
Canakinumab Monoclonal antibody Ridker IL-1B antagonism 10061 Patients with a Canakinumab showed a dose-
et al®® history of a Ml and a high dependent CRP reduction (26%
CRP of 22mg/L in 50mg; 37% in 150mg; 41% in
300mag).
HRs: in the 50-mg group, 0.93
(95% Cl, 0.80-1.07; P=0.30); in
the 150-mg group, 0.85 (95% ClI,
0.74-0.98; P=0.021); and in the
300-mg group, 0.86 (95% Cl,
0.75-0.99; P=0.031)
Colchicine Antimitotic drug Samuel NLRP3 inhibition 4745 Patients 30days Colchicine was shown to
et al®® after an M, colchicine have a statistically significant
(N=2366)/placebo effect against stroke (HR, 0.26
(N=2379) [95% ClI, 0.10-0.70]) as well
as a statistically significant
effect against rehospitalization
for angina leading to
revascularization (HR, 0.50 [95%
Cl, 0.31-0.81)).
Xilonix Monoclonal antibody Hong et al°’ IL-1ac antagonism Nonsmall cell lung cancer | Xilonix was shown to bind to
patients IL-1at.
Anakinra Recombinant IL-1Ra Ku et al®! IL-1R1 blockade Murine model, Anakinra reduced plaque size
apoE~~ mice 30.6% at 25 mg/kg dosage and
25.2% at the 50mg/kg dosage.
(P<0.05).
JNJ-47965567 Small molecule inhibitor Mucke- P2X7 receptor In vitro human microglial JNJ-47965567 was shown
Heim et al®? | antagonist cell cultures to decrease proinflammatory
phenotypical expression of
cytokines (P<0.05).
NSC697923 Small molecule inhibitor Cao et al.® Caspase-1 Lipopolysaccharide- NSC697923 was shown to
stimulated macrophages prevent priming of the NLRP3
inflammasome by binding to
the active pocket of caspase-1.
Additional effects inhibiting
NF-xB and gasdermin D pore
formation were also shown.
Disulfiram Cysteine-modifying drug Hu et al** Gasdermin D Human THP-1 cells Disulfiram was shown in THP-1
cells to block gasdermin D pore
formation in cells undergoing
pyroptosis thereby preventing
the release of IL-16.
OLT1177 Active moiety (8-sulfonyl Marchetti NLRP3 Animal models of chronic In vivo in animals, it has been
nitrile) et al® inflammasome inflammation, patients shown to inhibit NLRP3
inhibitor with HF inflammasome activation. In a
phase 1B clinical study, it has
been shown to be safe and well-
tolerated in patients with HF.
Tranilast Antiallergic drug, Chen et al®® Inhibits NLRP3 Animal model of Tranilast blunted the
analogue of a inflammasome atherosclerosis initiation and progression of
tryptophan metabolite assembly atherosclerosis.

Therapeutics are herein stratified by their target of inhibition or modulation and show the heterogeneity of strategies to target common pathways in the
synthesis and release of IL-1. They are not to serve as a comprehensive list, but rather, this list is to serve as a companion to the aforementioned drug targets
by providing specific examples of inhibitors in said classes. apoE indicates apolipoprotein E; CRP, C-reactive protein; HF, heart failure; HR, hazard ratio; IL-16,
interleukin-1 beta; IL-1a, interleukin-1 alpha; IL-1R1, interleukin-1 receptor type-l; IL-1Ra, IL-1 receptor antagonist; MI, myocardial infarction; NF-xB, nuclear
factor-kappa B; and NLRP3, nucleotide-binding oligomerization domain, leucine-rich repeat family pyrin domain-containing 3.
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have been identified in relation to caspase-1 inhibitors in
clinical trials including a lack of specificity, efficacy, and
some toxicity.>® Moreover, IL-18 has also been shown to
be cleaved to its active forms by non-caspase-1 depen-
dent mechanisms, such as chymase, cathepsin G.*°

IL-1 IS CRUCIAL IN EARLY
ATHEROSCLEROSIS DEVELOPMENT

In atherosclerotic plaques, there is a mixed pattern of
inflammatory process throughout the life course®” and
IL-1, chiefly IL-18, has been shown to be critical in the
development of early lesions.%8 Studies of atherogenic
mouse strains highlight the importance of IL-1; for ex-
ample, fatty streak lesions in apoE~~ (apolipoprotein
E) knockout mice showed a significant decrease after
IL-Tra administration.®® Deletion of IL-1ra (ILTRN™") in
mice increased atherosclerosis'® and overexpression
of Il-1ra in transgenic mice with LDL receptor’- or
apoE~~ background showed a decrease in total le-
sion areas.®® Individual IL-1 proteins have also been
directly assessed and there is overwhelming evidence
to suggest a critical role for IL-16 in early atherogenesis.
Seminal work in the field on the genetic deletion of IL-18
in apoE~- atherogenic mice resulted in a considerable
reduction in lesion size, associated with a lowering of
adhesion molecules and MCP-1 (monocyte chemoat-
tractant protein-1).'4

In terms of the key pathways, IL-18 enhances VSMC
migration and proliferation by different mechanisms. IL-
18 promotes the proliferation through platelet-derived
growth factor BB®' by inhibiting the expression of
p21,82 and it also enhances cell migration by NOTCH-
mediated MMP (matrix metalloproteases)-2/9.63

Emerging evidence of the direct effects of IL-1a
on atherogenesis has also been reported. Mice on a
C57BL6/J background and deficient in IL-1a showed
fewer fatty streaks after atherogenic diet feeding,®*
and it has been suggested that IL-1a promotes EC se-
nescence® and VSMC-induced proinflammatory me-
diator production within the arterial wall,?® confirming
the importance of IL-1a in vascular wall inflammation.
Collectively, these mechanisms and their effects are
fundamental in triggering and promoting the develop-
ment of atherosclerosis.

IL-1 INVOLVEMENT IN ADVANCED
ATHEROSCLEROSIS IS COMPLEX
AND NUANCED

The roles of IL-1, especially IL-18, in advanced athero-
sclerosis have been shown to have opposing functions
in laboratory studies. High levels of IL-18 have been
linked with an increase in the number of infiltrating
macrophages,’® and IL-1 plays a significant role in the
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formation of advanced lesions in response to high-fat
diet feeding in mice.®” Excessive IL-1-induced proteoly-
sis in atheroma associates with the risk of rupture,®® a
more nuanced role for IL-1 signaling in advanced ath-
erosclerosis has been proposed. Mice lacking the abil-
ity to signal via IL-1R1 or where IL-1( is neutralized more
readily acquire rupture-prone characteristics; however,
it should be noted that these athero-prone character-
istics do not automatically translate to a plaque rup-
ture effect and are made based on plaque phenotype
rather than actual ruptured plaques causing myocar-
dial infarction. Of note, and a limitation of most mouse
models of atherosclerosis, is that these do not present
with classical plague rupture as in humans.®®

IL-18 seems to directly modulate VSMC phenotypes
more than IL-1a, and these effects in advanced lesions
seem to be different from those seen in early lesions.®®
In addition, IL-18 downregulates VSMC contractile
markers through a NF-xB-mediated mechanism and
this is independent of platelet-derived growth factor.”
In terms of cell-type specific inhibition of IL-1 signal-
ing, mice that specifically lacked IL-1R1 in VSMCs had
more atherosclerosis and fewer VSMCs than their lit-
termates,”" whereas mice deficient in IL-1R1 in macro-
phages developed a favorable inhibitory response on
atherosclerotic plaques with stable characteristics.®”
Data on inhibition of IL.-1 signaling in endothelial cells in
the context of atherosclerosis are still awaited.

Moreover, the VSMC effects of IL-1 could be poten-
tially complicated by other mechanisms such as clonal
hematopoiesis of indeterminate potential,”® plaque ero-
sion,”® neutrophil extracellular traps formation,” and
endothelial-to-mesenchymal transition.” Clonal hema-
topoiesis of indeterminate potential, increased by bio-
logical aging, is an expansion of hematopoietic clones
carrying recurrent somatic, most frequently loss-of-
function, alleles in the genes DNMT32A, TET2, ASXL1,
JAK2, PPM1D, and TP53 (fully reviewed in Amoros-
Perez and Fuster’®). Tet2”~ bone marrow transferred
to LDL receptor’™ mice fed a Western diet led to ac-
celerated atherosclerosis,”” and this was associated
with excessive IL-18 production,”” which promoted
P-selectin expression and endothelial activation, lead-
ing to increased macrophage infiltration and plaque
growth.”” These data support a role for IL-18 in the
setting of accelerated atherosclerosis associated with
Tet2 loss-of-function.”®

Proinflammatory mediators such as IL-18 released
by infiltrating cells and vascular cells create environ-
mental changes such as extracellular matrix degrada-
tion within artery walls promoting plaque instability or
plague rupture.?® A new type of arterial wall damage
called plague erosion has been shown to contribute
to symptoms in up to one third of patients with acute
coronary syndrome.”® With an unclear molecular
mechanism, the endothelial layer on eroded plaques
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is usually absent and they are usually less inflamed
than ruptured plaques (reviewed in™®). One proposed
mechanism is that ECs exposed to blood flow develop
distinct phenotypic changes and undergo apoptosis,®
and this results in plaque erosion.®" Also likely to fea-
ture is neutrophil extracellular traps formation, a pro-
cess where web-like structures composed of granules,
decomposed chromatin, and cytosolic proteins are
released by neutrophils in response to pathogens.®
High numbers of neutrophils and significant neutrophil
extracellular traps formation have been detected in
erosion-prone plagques in humans,® and interactions
between neutrophils and ECs can alter many endothe-
lial functions,®* including production of IL-8 and IL-13
(reviewed fully in™).

In human tissue samples, pathological analysis of
subendothelial cells shows that VSMCs- and fibroblasts-
like features are associated with clinical presentation.®
These subendothelial cells express the mesenchy-
mal markers (Snaill, SLUG, TWIST1) and expression
of endothelial markers (CD31, CD144) is reduced.8®
Additionally, these cells have fibroproliferative features,
including propensity for extracellular matrix deposition,
migration, and proliferation. Lineage tracing mice ex-
periments have demonstrated that these cells are en-
dothelial cells in origin, and thus, they are commonly
referred to in the field as having undergone endothelial-
to-mesenchymal transition (fully reviewed in).

THERAPEUTIC OPTIONS
MODULATING IL-18 BEFORE OR
AFTER THE RELEASE?

IL-1 is a leaderless cytokine responsible for the vascu-
lar inflammatory response to injury and is implicated in
several different processes be that of its induction or
its release. This heterogeneity of activities and circum-
stances provides several unique targeting opportuni-
ties to develop modalities to modulate the IL-1 release
from cells.

The IL-1R1 receptor is expressed in part as a re-
sponse to damage-associated molecular patterns or
pathogen-associated molecular patterns activating
a cascade of actions that result in the maturation of
IL-18. This presents an interesting therapy modality
as lowering the aggravating factors present in serum
may lead to decreased expression and lower subse-
quent release of IL-18. There are several medications
addressing this stage of intervention, statin medica-
tions being a prime example by lowering cholesterol,
cholesterol species and at the same time exerting anti-
inflammatory effects through the IL-1 receptor.® Beyond
the receptor complex, several treatment options exist
in either inhibiting or disrupting the activation of NF-xB
(Table),28-96 which localizes to the nucleus to influence
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the transcription of mMRNA leading to the NLRP3 in-
flammasome and pro-IL-18 production.

The NLRP3 inflammasome itself may be targeted by
either disrupting its assembly or destroying its compo-
nents. Direct inhibition of caspase-1 has similarly been
shown to blunt the maturation of IL-143. Direct inhibition
of gasdermin D pore formation with compounds such
as disulfiram have additionally been shown to inhibit
the release of IL-18 by pore formation although not in-
hibiting the maturation of IL-18.%4 Recently, colchicine
specifically has also been shown to be an inhibitor of
the NLRP3 inflammasome®” and has been approved by
US Food and Drug Administration as anti-inflammatory
drug in patients with chronic coronary artery disease.®’
These and other representative compound/drug ex-
amples are described further in the Table.

Specific targeting of serum IL-1f is proven to be
efficacious, especially with the monoclonal anti-
body canakinumab.?® The CANTOS (Canakinumab
Anti-Inflammatory Thrombosis Outcome Study) trial
showed that this monoclonal antibody targeting IL-18
led to a marked decrease in CRP levels in a dosage-
dependent level that reduced the incidence of nega-
tive events in this population studied.?® Rilonacept is
a soluble version of the IL-1R1 that has been shown to
bind the different isoforms of IL-1 and reduce the levels
of IL-1B in serum.%8 Xilonix neutralizes IL-1a%' once it
is released outside of cells. An additional successful
approach has been tested to occupy IL-1 binding re-
ceptors on the cell surface (anakinra).?® Anakinra spe-
cifically targets the effects of IL-18 in the extracellular
environment by binding to and competitively blocking
the IL-1R1 receptor.®! In murine studies, anakinra has
been shown to significantly reduce atherosclerotic
plague size and suppresses proinflammatory cyto-
kines IL-1 and IL-6.°"

The importance of understanding mechanistic ef-
fects leading to the reduction of IL-1 release is important
as targeting efforts could be directed either at physical
changes in the cells, for example, formation of pores or
to the specific cleavage or trafficking of IL-1 inside cells.
An example is of gasdermin D pore inhibition, specifi-
cally with compounds such as disulfiram, which mainly
inhibit the process of cellular pyroptosis rather than
broader IL-18 release and have no effect on the mat-
urational process of IL-18.94 Thereby, surrogate mea-
sures of IL-18 in the exogenous environment may show
areduced presence, yet the mature ligand could still be
contained within vascular cells and could be released
upon another on-demand and discrete stimulus. As
inflammatory disease processes are further character-
ized and studied, identification of the specific mecha-
nisms of IL-1 release will help to pair a fitting therapeutic
option with broader based approaches if required.

IL-1 is an excellent therapeutic target, but sev-
eral cautionary effects persist. When using immune
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modulating therapies, there exists a clear and inher-
ent risk of sepsis resultant from immune suppression
due to treatment.8® Although it has been shown that
this can be combated by coadministering antibiot-
ics,® another risk profile is introduced. IL-1 is crucial
in activation of the innate immune response and its in-
tegrity for specific cell signaling and an individual pa-
tient’s response to novel infections is paramount. This
knowledge highlights the importance of developing
specific inhibitory therapeutics that are not agnostic of
cell type. It is also critically important to consider that
successful therapeutic intervention in inflammation
driven diseases is characterized by early treatment,
and the emerging evidence suggesting a sex-specific
risk stratification for administering anti-inflammatories
such as anakinra in the context of ST-segment-—eleva-
tion myocardial infarction.®® As new therapies based
on release mechanisms emerge, these could also be
involved in release of other leaderless cytokines, some
of which could be helpful rather than detrimental to the
healing process. Despite these concerns, IL-1 remains
a clear and promising target in the field of cardiology
and immune-related medicine, and the answer to mod-
ulating and correcting high serum amounts of IL-1 may
reside in using an amalgam of timed treatments rather
than using 1 modality for a long period at a high dose.

CONCLUSIONS AND FUTURE
DIRECTIONS

With cardiovascular disease being the highest cause of
mortality worldwide, the importance of the molecular
understanding of disease processes such as athero-
sclerosis is paramount. Atherosclerosis recently has
been shown to be mediated in large part by a dispro-
portional inflammatory response that results in plaque
formation and progression to an unstable phenotype.
There is still much more to do to explore the release of
IL-1 in particular settings. This includes investigation of
other stimuli such as lipoprotein(a), oxidized LDL, and
other forms of LDL, ceramides, amyloid, nucleic acids,
and microparticles, and in pathologies relevant to ves-
sel walls, endothelial-mesenchymal transition, plaque
erosion, and cerebrovascular inflammation. In addition,
the role of current and emerging therapies for coro-
nary disease on the release of IL-18 in vessel walls is
unknown. It is worth keeping in mind that inflammation
driven by IL-1 in vessel walls consistently links dyslipi-
demia and risk factors to atherogenesis. Several exist-
ing therapeutic strategies target the canonical pathway
of IL-1 release, but there is a current need for inter-
ventions targeting microvesicular release or release
directed from channels or pores, while maintaining ho-
meostatic immune functions. Despite the present need
for further therapeutic options, current inhibitors and
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antagonists against specific steps in IL-1 release do
provide options for stratification and specificity in tar-
geting disease processes, and with further research,
these may prove to be highly mechanistically specific.
These questions and others raised from the current
state of knowledge of IL-1 release in vascular environ-
ments may inspire future needed investigations into the
heterogenetic nature of molecular release mechanisms
of this principal leaderless cytokine.

ARTICLE INFORMATION

Received October 6, 2023; accepted January 26, 2024.

Affiliations

Division of Cardiology, Department of Internal Medicine, Louisiana State
University Health Sciences Centre, Shreveport, LA (E.K., S.G., M.A.); and
School of Medicine and Population Health, University of Sheffield, Sheffield,
UK (S.F).

Sources of Funding

This work was supported by an American Heart Association Career
Development Award (AHA grant number 21CDA853487), Louisiana State
University Health Startup funding, National Institutes of Health/National
Institute of General Medical Sciences-COBRE (P20GM121307) to M.A., and
British Heart Foundation grants PG/13/55/30365 and PG/20/10010 to SEF.

Disclosures
None.

REFERENCES

1. Tsao CW, Aday AW, Almarzooq ZI, Anderson CAM, Arora P, Avery CL,
Baker-Smith CM, Beaton AZ, Boehme AK, Buxton AE, et al. Heart dis-
ease and stroke statistics-2023 update: a report from the American
Heart Association. Circulation. 2023;147:€93-e621. doi: 10.1161/
CIR.0000000000001123

2. Libby P, Buring JE, Badimon L, Hansson GK, Deanfield J, Bittencourt
MS, Tokgozoglu L, Lewis EF. Atherosclerosis. Nat Rev Dis Primers.
2019;5:56. doi: 10.1038/541572-019-0106-z

3. Despres JP, Lemieux |. Abdominal obesity and metabolic syndrome.
Nature. 2006;444:881-887. doi: 10.1038/nature05488

4. Libby P, Ridker PM. Inflammation and atherosclerosis: role of C-reactive
protein in risk assessment. Am J Med. 2004;116(Suppl 6A):95-16S. doi:
10.1016/j.amjmed.2004.02.006

5. Ridker PM, Rifai N, Rose L, Buring JE, Cook NR. Comparison of C-
reactive protein and low-density lipoprotein cholesterol levels in the
prediction of first cardiovascular events. N Engl J Med. 2002;347:1557—
1565. doi: 10.1056/NEJM0a021993

6. Abbate A, Kontos MC, Grizzard JD, Biondi-Zoccai GG, Van Tassell BW,
Robati R, Roach LM, Arena RA, Roberts CS, Varma A, et al. Interleukin-1
blockade with anakinra to prevent adverse cardiac remodeling after
acute myocardial infarction (Virginia Commonwealth University Anakinra
remodeling trial [VCU-ART] pilot study). Am J Cardiol. 2010;105:1371—
1377.e11. doi: 10.1016/j.amjcard.2009.12.059

7. Xu YJ, Zheng L, Hu YW, Wang Q. Pyroptosis and its relationship
to atherosclerosis. Clin Chim Acta. 2018;476:28-37. doi: 10.1016/].
cca.2017.11.005

8. Galea J, Armstrong J, Gadsdon P, Holden H, Francis SE, Holt CM.
Interleukin-1 beta in coronary arteries of patients with ischemic heart
disease. Arterioscler Thromb Vasc Biol. 1996;16:1000-1006. doi:
10.1161/01.atv.16.8.1000

9. Saud A, Ali NA, Gali F, Hadi N. The role of cytokines, adhesion mol-
ecules, and toll-like receptors in atherosclerosis progression: the
effect of atorvastatin. J Med Life. 2022;15:751-756. doi: 10.25122/
jml-2021-0187

10. Alfaidi M, Wilson H, Daigneault M, Burnett A, Ridger V, Chamberlain J,
Francis S. Neutrophil elastase promotes interleukin-1beta secretion from

10



20T ‘€7 Areniqaq uo £q S10°speuinoleye//:dny woiy papeoumoq

Kidder et al

13.

16.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

J Am Heart Assoc. 2024;13:e032987. DOI: 10.1161/JAHA.123.032987

human coronary endothelium. J Biol Chem. 2015;290:24067-24078. doi:
10.1074/jbc.M115.659029

. Erlinge D. Extracellular ATP: a growth factor for vascular smooth muscle

cells. Gen Pharmacol. 1998;31:1-8. doi: 10.1016/s0306-3623(97)00420-5

. Frostegard J, Ulfgren AK, Nyberg P, Hedin U, Swedenborg J, Andersson

U, Hansson GK. Cytokine expression in advanced human atheroscle-
rotic plaques: dominance of pro-inflammatory (Th1) and macrophage-
stimulating cytokines. Atherosclerosis. 1999;145:33-43. doi: 10.1016/
s0021-9150(99)00011-8

Lopez-Castejon G, Brough D. Understanding the mechanism of IL-1beta
secretion. Cytokine Growth Factor Rev. 2011;22:189-195. doi: 10.1016/j.
cytogfr.2011.10.001

. Kirii H, Niwa T, Yamada Y, Wada H, Saito K, Iwakura Y, Asano M,

Moriwaki H, Seishima M. Lack of interleukin-1beta decreases the sever-
ity of atherosclerosis in ApoE-deficient mice. Arterioscler Thromb Vasc
Biol. 2003;23:656-660. doi: 10.1161/01.ATV.0000064374.15232.C3

. Isoda K, Sawada S, Ishigami N, Matsuki T, Miyazaki K, Kusuhara

M, Iwakura Y, Ohsuzu F. Lack of interleukin-1 receptor antagonist
modulates plagque composition in apolipoprotein E-deficient mice.
Arterioscler Thromb Vasc Biol. 2004;24:1068-1073. doi: 10.1161/01.
ATV.0000127025.48140.a3

Kidder E, Pea M, Cheng S, Koppada SP, Visvanathan S, Henderson Q,
Thuzar M, Yu X, Alfaidi M. The interleukin-1 receptor type-1 in disturbed
flow-induced endothelial mesenchymal activation. Front Cardiovasc
Med. 2023;10:1190460. doi: 10.3389/fcvm.2023.1190460

. Dinarello CA. Overview of the IL-1 family in innate inflammation and ac-

quired immunity. Immunol Rev. 2018;281:8-27. doi: 10.1111/imr.12621

. Francis SE, Camp NJ, Dewberry RM, Gunn J, Syrris P, Carter ND, Jeffery

S, Kaski JC, Cumberland DC, Duff GW, et al. Interleukin-1 receptor an-
tagonist gene polymorphism and coronary artery disease. Circulation.
1999;99:861-866. doi: 10.1161/01.¢ir.99.7.861

. Abbate A, Toldo S, Marchetti C, Kron J, Van Tassell BW, Dinarello

CA. Interleukin-1 and the inflammasome as therapeutic targets in car-
diovascular disease. Circ Res. 2020;126:1260-1280. doi: 10.1161/
CIRCRESAHA.120.315937

Dinarello CA. Interleukin-1 and interleukin-1 antagonism. Blood.
1991,77:1627-1652. doi: 10.1182/blood.V77.8.1627.1627

Schumann RR, Belka C, Reuter D, Lamping N, Kirschning CJ, Weber
JR, Pfeil D. Lipopolysaccharide activates caspase-1 (interleukin-1-
converting enzyme) in cultured monocytic and endothelial cells. Blood.
1998;91:577-584. doi: 10.1182/blood.V91.2.577

Rubartelli A, Cozzolino F, Talio M, Sitia R. A novel secretory pathway
for interleukin-1 beta, a protein lacking a signal sequence. EMBO J.
1990;9:1503-1510. doi: 10.1002/j.1460-2075.1990.tb08268.x

Rajamaki K, Lappalainen J, Oorni K, Valimaki E, Matikainen S, Kovanen
PT, Eklund KK. Cholesterol crystals activate the NLRP3 inflammasome
in human macrophages: a novel link between cholesterol metabo-
lism and inflammation. PloS One. 2010;5:e11765. doi: 10.1371/journal.
pone.0011765

MacKenzie A, Wilson HL, Kiss-Toth E, Dower SK, North RA, Surprenant
A. Rapid secretion of interleukin-ibeta by microvesicle shedding.
Immunity. 2001;15:825-835. doi: 10.1016/s1074-7613(01)00229-1
Rabouille C, Malhotra V, Nickel W. Diversity in unconventional protein
secretion. J Cell Sci. 2012;125:5251-5255. doi: 10.1242/jcs.103630
Evavold CL, Ruan J, Tan Y, Xia S, Wu H, Kagan JC. The pore-
forming protein gasdermin D regulates Interleukin-1 secretion from
living macrophages. Immunity. 2018;48:35-44, e36. doi: 10.1016/j.
immuni.2017.11.013

Wesche H, Korherr C, Kracht M, Falk W, Resch K, Martin MU. The
interleukin-1 receptor accessory protein (IL-1RAcP) is essential for IL-
1-induced activation of interleukin-1 receptor-associated kinase (Irak)
and stress-activated protein kinases (SAP kinases). J Biol Chem.
1997,272:7727-7731. doi: 10.1074/jbc.272.12.7727

Wesche H, Henzel WJ, Shillinglaw W, Li S, Cao Z. MyD88: an adapter
that recruits Irak to the IL-1 receptor complex. Immunity. 1997;7:837-847.
doi: 10.1016/s1074-7613(00)80402-1

Burns K, Clatworthy J, Martin L, Martinon F, Plumpton C, Maschera B,
Lewis A, Ray K, Tschopp J, Volpe F. Tollip, a new component of the IL-1RI
pathway, links Irak to the IL-1 receptor. Nat Cell Biol. 2000;2:346-351.
doi: 10.1038/35014038

Dinarello CA. Biologic basis for interleukin-1 in disease. Blood. 1996;87:
2095-2147. doi: 10.1182/blood.V87.6.2095.bloodjournal8762095

Ku EJ, Kim BR, Lee JI, Lee YK, Oh TJ, Jang HC, Choi SH. The anti-
atherosclerosis effect of anakinra, a recombinant human Interleukin-1

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

IL.-1 Release in Vascular Inflammation

receptor antagonist, in apolipoprotein E knockout mice. Int J Mol Sci.
2022;23:4906. doi: 10.3390/ijms23094906

Wang AM, Doyle MV, Mark DF. Quantitation of mMRNA by the polymerase
chain reaction. Proc Natl Acad Sci U S A. 1989;86:9717-9721. doi:
10.1073/pnas.86.24.9717

Piccioli P, Rubartelli A. The secretion of IL-1beta and options for release.
Semin Immunol. 2013;25:425-429. doi: 10.1016/j.smim.2013.10.007
Takeuchi O, Akira S. Pattern recognition receptors and inflammation.
Cell. 2010;140:805-820. doi: 10.1016/j.cell.2010.01.022

Vigano E, Diamond CE, Spreafico R, Balachander A, Sobota RM,
Mortellaro A. Human caspase-4 and caspase-5 regulate the one-step
non-canonical inflammasome activation in monocytes. Nat Commun.
2015;6:8761. doi: 10.1038/ncomms9761

Matikainen S, Nyman TA, Cypryk W. Function and regulation of non-
canonical caspase-4/5/11 inflammasome. J Immunol. 2020;204:3063—
3069. doi: 10.4049/jimmunol.2000373

Wortmann M, Peters AS, Erhart P, Korfer D, Bockler D, Dihimann
S. Inflammasomes in the pathophysiology of aortic disease. Cell.
2021;10:10. doi: 10.3390/cells10092433

Dinarello CA. Mutations in cryopyrin: bypassing roadblocks in the
caspase 1 inflammasome for interleukin-1beta secretion and disease
activity. Arthritis Rheum. 2007;56:2817-2822. doi: 10.1002/art.22841
Thornberry NA, Bull HG, Calaycay JR, Chapman KT, Howard AD, Kostura
MJ, Miller DK, Molineaux SM, Weidner JR, Aunins J, et al. A novel het-
erodimeric cysteine protease is required for interleukin-1 beta process-
ing in monocytes. Nature. 1992;356:768-774. doi: 10.1038/356768a0
Afonina IS, Muller C, Martin SJ, Beyaert R. Proteolytic processing of in-
terleukin-1 family cytokines: variations on a common theme. Immunity.
2015;42:991-1004. doi: 10.1016/j.immuni.2015.06.003

Black RA, Kronheim SR, Cantrell M, Deeley MC, March CJ, Prickett
KS, Wignall J, Conlon PJ, Cosman D, Hopp TP, et al. Generation of
biologically active interleukin-1 beta by proteolytic cleavage of the in-
active precursor. J Biol Chem. 1988;263:9437-9442. doi: 10.1016/
S0021-9258(19)76559-4

Joosten LA, Netea MG, Fantuzzi G, Koenders MI, Helsen MM, Sparrer H,
Pham CT, van der Meer JW, Dinarello CA, van den Berg WB. Inflammatory
arthritis in caspase 1 gene-deficient mice: contribution of proteinase 3
to caspase 1-independent production of bioactive interleukin-1beta.
Arthritis Rheum. 2009;60:3651-3662. doi: 10.1002/art.25006

Kang SJ, Wang S, Kuida K, Yuan J. Distinct downstream pathways of
caspase-11 in regulating apoptosis and cytokine maturation during sep-
tic shock response. Cell Death Differ. 2002;9:1115-1125. doi: 10.1038/
sj.cdd.4401087

Milstein C, Brownlee GG, Cartwright EM, Jarvis JM, Proudfoot NJ.
Sequence analysis of immunoglobulin light chain messenger RNA.
Nature. 1974;252:354-359. doi: 10.1038/252354a0

Vijayaraj SL, Feltham R, Rashidi M, Frank D, Liu Z, Simpson DS, Ebert G,
Vince A, Herold MJ, Kueh A, et al. The ubiquitylation of IL-1beta limits its
cleavage by caspase-1 and targets it for proteasomal degradation. Nat
Commun. 2021;12:2713. doi: 10.1038/s41467-021-22979-3

Andrei C, Dazzi C, Lotti L, Torrisi MR, Chimini G, Rubartelli A. The secre-
tory route of the leaderless protein interleukin 1beta involves exocytosis
of endolysosome-related vesicles. Mol Biol Cell. 1999;10:1463-1475.
doi: 10.1091/mbc.10.5.1463

Hogquist KA, Nett MA, Unanue ER, Chaplin DD. Interleukin 1 is pro-
cessed and released during apoptosis. Proc Natl Acad Sci U S A.
1991,88:8485-8489. doi: 10.1073/pnas.88.19.8485

Harris J, Hartman M, Roche C, Zeng SG, O'Shea A, Sharp FA, Lambe
EM, Creagh EM, Golenbock DT, Tschopp J, et al. Autophagy controls
IL-1beta secretion by targeting pro-IL-1beta for degradation. J Biol Chem.
2011;286:9587-9597. doi: 10.1074/jbc.M110.202911

England H, Summersgill HR, Edye ME, Rothwell NJ, Brough D. Release
of interleukin-1alpha or interleukin-1beta depends on mechanism of
cell death. J Biol Chem. 2014;289:156942-15950. doi: 10.1074/jbc.
M114.5657561

Kopp R, Krautloher A, Ramirez-Fernandez A, Nicke A. P2X7 interactions
and signaling - making head or tail of it. Front Mol Neurosci. 2019;12:183.
doi: 10.3389/fnmol.2019.00183

Wilson HL, Varcoe RW, Stokes L, Holland KL, Francis SE, Dower SK,
Surprenant A, Crossman DC. P2X receptor characterization and IL-1/IL-
1Ra release from human endothelial cells. BrJ Pharmacol. 2007;151:115—
127. doi: 10.1038/sj.bjp.0707213

Pizzirani C, Ferrari D, Chiozzi P, Adinolfi E, Sandona D, Savaglio E, Di
Virgilio F. Stimulation of P2 receptors causes release of IL-1beta-loaded

11



20T ‘€7 Areniqaq uo £q S10°speuinoleye//:dny woiy papeoumoq

Kidder et al

583.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

J Am Heart Assoc. 2024;13:e032987. DOI: 10.1161/JAHA.123.032987

microvesicles from human dendritic cells. Blood. 2007;109:3856-3864.
doi: 10.1182/blood-2005-06-031377

Thomas CE, Jackson RL, Ohlweiler DF, Ku G. Multiple lipid oxidation
products in low density lipoproteins induce interleukin-1 beta release
from human blood mononuclear cells. J Lipid Res. 1994;35:417-427. doi:
10.1016/S0022-2275(20)41193-9

Al Mansouri M, Patel PA, Chamberlain J, Francis S. OxLDL induces IL-
1beta release from human EC and VSMC via different caspase-1 depen-
dent mechanisms. Vasc Biol. 2022;4:11-18. doi: 10.1530/VB-22-0009
Dautova Y, Kapustin AN, Pappert K, Epple M, Okkenhaug H, Cook SJ,
Shanahan CM, Bootman MD, Proudfoot D. Calcium phosphate particles
stimulate interleukin-1beta release from human vascular smooth muscle
cells: a role for spleen tyrosine kinase and exosome release. J Mol Cell
Cardiol. 2018;115:82-93. doi: 10.1016/}.yjmcc.2017.12.007

Dhani S, Zhao Y, Zhivotovsky B. A long way to go: caspase inhibitors in
clinical use. Cell Death Dis. 2021;12:949. doi: 10.1038/s41419-021-04240-3
Libby P. The changing landscape of atherosclerosis. Nature.
2021;592:524-533. doi: 10.1038/541586-021-03392-8

Hettwer J, Hinterdobler J, Miritsch B, Deutsch MA, Li X, Mauersberger
C, Moggio A, Braster Q, Gram H, Robertson AAB, et al. Interleukin-1beta
suppression dampens inflammatory leucocyte production and uptake in
atherosclerosis. Cardiovasc Res. 2022;118:2778-2791. doi: 10.1093/cvr/
cvab337

Elhage R, Maret A, Pieraggi MT, Thiers JC, Arnal JF, Bayard F. Differential
effects of interleukin-1 receptor antagonist and tumor necrosis factor
binding protein on fatty-streak formation in apolipoprotein E-deficient
mice. Circulation. 1998;97:242-244. doi: 10.1161/01.cir.97.3.242

Devlin CM, Kuriakose G, Hirsch E, Tabas I|. Genetic alterations of IL-1
receptor antagonist in mice affect plasma cholesterol level and foam cell
lesion size. Proc Natl Acad Sci U S A. 2002;99:6280-6285. doi: 10.1073/
pnas.092324399

Libby P, Warner SJ, Friedman GB. Interleukin 1: a mitogen for human vas-
cular smooth muscle cells that induces the release of growth-inhibitory
prostanoids. J Clin Invest. 1988;81:487-498. doi: 10.1172/JCI113346
Nathe TJ, Deou J, Walsh B, Bourns B, Clowes AW, Daum G. Interleukin-
1beta inhibits expression of p21(WAF1/CIP1) and p27(KIP1) and en-
hances proliferation in response to platelet-derived growth factor-BB
in smooth muscle cells. Arterioscler Thromb Vasc Biol. 2002;22:1293—
1298. doi: 10.1161/01.atv.0000023428.69244.49

Delbosc S, Glorian M, Le Port AS, Bereziat G, Andreani M, Limon I. The
benefit of docosahexanoic acid on the migration of vascular smooth
muscle cells is partially dependent on Notch regulation of MMP-2/-9.
Am J Pathol. 2008;172:1430-1440. doi: 10.2353/ajpath.2008.070951
Kamari Y, Werman-Venkert R, Shaish A, Werman A, Harari A, Gonen A,
Voronov E, Grosskopf |, Sharabi Y, Grossman E, et al. Differential role
and tissue specificity of interleukin-1alpha gene expression in athero-
genesis and lipid metabolism. Atherosclerosis. 2007;195:31-38. doi:
10.1016/j.atherosclerosis.2006.11.026

Song S, Lam EW, Tchkonia T, Kirkland JL, Sun Y. Senescent cells:
emerging targets for human aging and age-related diseases. Trends
Biochem Sci. 2020;45:578-592. doi: 10.1016/j.tibs.2020.03.008

Clarke MC, Talib S, Figg NL, Bennett MR. Vascular smooth mus-
cle cell apoptosis induces interleukin-1-directed inflammation: ef-
fects of hyperlipidemia-mediated inhibition of phagocytosis. Circ Res.
2010;106:363-372. doi: 10.1161/CIRCRESAHA.109.208389
Chamberlain J, Francis S, Brookes Z, Shaw G, Graham D, Alp NJ, Dower
S, Crossman DC. Interleukin-1 regulates multiple atherogenic mecha-
nisms in response to fat feeding. PloS One. 2009;4:e5073. doi: 10.1371/
journal.pone.0005073

Libby P. Mechanisms of acute coronary syndromes and their implica-
tions for therapy. N Engl J Med. 2013;368:2004-2013. doi: 10.1056/
NEJMra1216063

Alexander MR, Moehle CW, Johnson JL, Yang Z, Lee JK, Jackson CL,
Owens GK. Genetic inactivation of IL-1 signaling enhances athero-
sclerotic plaque instability and reduces outward vessel remodeling in
advanced atherosclerosis in mice. J Clin Invest. 2012;122:70-79. doi:
10.1172/JCl43713

Alexander MR, Murgai M, Moehle CW, Owens GK. Interleukin-1beta
modulates smooth muscle cell phenotype to a distinct inflammatory
state relative to PDGF-DD via NF-kappaB-dependent mechanisms.
Physiol Genomics. 2012;44:417-429. doi: 10.1152/physiolgenomics.
00160.2011

Gomez D, Baylis RA, Durgin BG, Newman AAC, Alencar GF, Mahan S,
St Hilaire C, Muller W, Waisman A, Francis SE, et al. Interleukin-1beta has

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

IL.-1 Release in Vascular Inflammation

atheroprotective effects in advanced atherosclerotic lesions of mice. Nat
Med. 2018;24:1418-1429. doi: 10.1038/s41591-018-0124-5

Jaiswal S, Natarajan P, Silver AJ, Gibson CJ, Bick AG, Shvartz E,
McConkey M, Gupta N, Gabriel S, Ardissino D, et al. Clonal hematopoi-
esis and risk of atherosclerotic cardiovascular disease. N Engl J Med.
2017;377:111-121. doi: 10.1056/NEJMoal1701719

Bentzon JF, Otsuka F, Virmani R, Falk E. Mechanisms of plaque for-
mation and rupture. Circ Res. 2014;114:1852-1866. doi: 10.1161/
CIRCRESAHA.114.302721

Doring Y, Soehnlein O, Weber C. Neutrophil extracellular traps in ath-
erosclerosis and atherothrombosis. Circ Res. 2017;120:736-743. doi:
10.1161/CIRCRESAHA.116.309692

Welch-Reardon KM, Wu N, Hughes CC. A role for partial endothelial-
mesenchymal transitions in angiogenesis? Arterioscler Thromb Vasc
Biol. 2015;35:303-308. doi: 10.1161/ATVBAHA.114.303220
Amoros-Perez M, Fuster JJ. Clonal hematopoiesis driven by somatic
mutations: a new player in atherosclerotic cardiovascular disease.
Atherosclerosis. 2020;297:120-126. doi: 10.1016/j.atherosclerosis.2020.
02.008

Fuster JJ, MaclLauchlan S, Zuriaga MA, Polackal MN, Ostriker AC,
Chakraborty R, Wu CL, Sano S, Muralidharan S, Rius G, et al. Clonal hema-
topoiesis associated with TET2 deficiency accelerates atherosclerosis devel-
opment in mice. Science. 2017;355:842-847. doi: 10.1126/science.aag1381
Fidler TP, Xue C, Yalcinkaya M, Hardaway B, Abramowicz S, Xiao T,
Liu W, Thomas DG, Hajebrahimi MA, Pircher J, et al. The AIM2 inflam-
masome exacerbates atherosclerosis in clonal haematopoiesis. Nature.
2021;592:296-301. doi: 10.1038/541586-021-03341-5

Quillard T, Franck G, Mawson T, Folco E, Libby P. Mechanisms of ero-
sion of atherosclerotic plaques. Curr Opin Lipidol. 2017;28:434—-441. doi:
10.1097/MOL.0000000000000440

Tricot O, Mallat Z, Heymes C, Belmin J, Leseche G, Tedgui A. Relation
between endothelial cell apoptosis and blood flow direction in human
atherosclerotic  plaques. Circulation. 2000;101:2450-2453.  doi:
10.1161/01.¢ir.101.21.2450

McElroy M, Kim Y, Niccoli G, Vergallo R, Langford-Smith A, Crea F, Gijsen
F, Johnson T, Keshmiri A, White SJ. Identification of the haemodynamic
environment permissive for plaque erosion. Sci Rep. 2021;11:7253. doi:
10.1038/s41598-021-86501-x

Branzk N, Lubojemska A, Hardison SE, Wang Q, Gutierrez MG, Brown
GD, Papayannopoulos V. Neutrophils sense microbe size and selectively
release neutrophil extracellular traps in response to large pathogens. Nat
Immunol. 2014;15:1017-1025. doi: 10.1038/ni.2987

Franck G, Mawson T, Sausen G, Salinas M, Masson GS, Cole A,
Beltrami-Moreira M, Chatzizisis Y, Quillard T, Tesmenitsky Y, et al. Flow
perturbation mediates neutrophil recruitment and potentiates endothelial
injury via TLR2 in mice: implications for superficial erosion. Circ Res.
2017;121:31-42. doi: 10.1161/CIRCRESAHA.117.310694

Villanueva E, Yalavarthi S, Berthier CC, Hodgin JB, Khandpur R, Lin AM,
Rubin CJ, Zhao W, Olsen SH, Klinker M, et al. Netting neutrophils induce
endothelial damage, infiltrate tissues, and expose immunostimulatory
molecules in systemic lupus erythematosus. J Immunol. 2011;187:538—
552. doi: 10.4049/jimmunol.1100450

Orekhov AN, Andreeva ER, Krushinsky AV, Novikov ID, Tertov VV,
Nestaiko GV, Khashimov KA, Repin VS, Smirnov VN. Intimal cells and
atherosclerosis. Relationship between the number of intimal cells and
major manifestations of atherosclerosis in the human aorta. Am J Pathol.
1986;125:402-415.

Souilhol C, Harmsen MC, Evans PC, Krenning G. Endothelial-
mesenchymal transition in  atherosclerosis. Cardiovasc Res.
2018;114:565-577. doi: 10.1093/cvr/cvx253

Kovacic JC, Mercader N, Torres M, Boehm M, Fuster V. Epithelial-to-
mesenchymal and endothelial-to-mesenchymal transition: from cardio-
vascular development to disease. Circulation. 2012;125:1795-1808. doi:
10.1161/CIRCULATIONAHA.111.040352

Sul OJ, Ra SW. Quercetin prevents LPS-induced oxidative stress and
inflammation by modulating NOX2/ROS/NF-kB in lung epithelial cells.
Molecules. 2021;26:26. doi: 10.3390/molecules26226949

Ridker PM, Everett BM, Thuren T, MacFadyen JG, Chang WH, Ballantyne
C, Fonseca F, Nicolau J, Koenig W, Anker SD, et al. Antiinflammatory
therapy with Canakinumab for atherosclerotic disease. N Engl J Med.
2017;377:1119-1131. doi: 10.1056/NEJMoal707914

Samuel M, Tardif JC, Khairy P, Roubille F, Waters DD, Gregoire JC, Pinto
FJ, Maggioni AP, Diaz R, Berry C, et al. Cost-effectiveness of low-dose
colchicine after myocardial infarction in the Colchicine Cardiovascular

12



20T ‘€7 Areniqaq uo £q S10°speuinoleye//:dny woiy papeoumoq

Kidder et al

1.

92.

93.

94.

95.

Outcomes Trial (COLCOT). Eur Heart J Qual Care Clin Outcomes.
2021;7:486-495. doi: 10.1093/ehjgcco/qcaa045

Hong DS, Janku F, Naing A, Falchook GS, Piha-Paul S, Wheler JJ, Fu S,
Tsimberidou AM, Stecher M, Mohanty P, et al. Xilonix, a novel true human anti-
body targeting the inflammatory cytokine interleukin-1 alpha, in non-small cell lung
cancer. Invest New Drugs. 2015;33:621-631. doi: 10.1007/s10637-015-0226-6
von Mucke-Heim IA, Martin J, Uhr M, Ries C, Deussing JM. The human
P2X7 receptor alters microglial morphology and cytokine secretion
following immunomodulation. Front Pharmacol. 2023;14:1148190. doi:
10.3389/fphar.2023.1148190

Cao DY, Zhang ZH, Li RZ, Shi XK, Xi RY, Zhang GL, Li F, Wang F. A
small molecule inhibitor of caspase-1 inhibits NLRP3 inflammasome
activation and pyroptosis to alleviate gouty inflammation. Immunol Lett.
2022;244:28-39. doi: 10.1016/j.imlet.2022.03.003

Hu JJ, Liu X, Xia S, Zhang Z, Zhang Y, Zhao J, Ruan J, Luo X, Lou X, Bai
Y, et al. FDA-approved disulfiram inhibits pyroptosis by blocking gas-
dermin D pore formation. Nat Immunol. 2020;21:736-745. doi: 10.1038/
$41590-020-0669-6

Marchetti C, Swartzwelter B, Gamboni F, Neff CP, Richter K, Azam
T, Carta S, Tengesdal I, Nemkov T, D’Alessandro A, et al. OLT1177,

J Am Heart Assoc. 2024;13:e032987. DOI: 10.1161/JAHA.123.032987

96.

97.

98.

99.

IL.-1 Release in Vascular Inflammation

a beta-sulfonyl nitrile compound, safe in humans, inhibits the NLRP3
inflammasome and reverses the metabolic cost of inflammation.
Proc Natl Acad Sci U S A. 2018;115:E15630-E1539. doi: 10.1073/
pnas. 1716095115

Chen S, Wang Y, Pan Y, Liu Y, Zheng S, Ding K, Mu K, Yuan Y, Li Z,
Song H, et al. Novel role for Tranilast in regulating NLRP3 ubiquitina-
tion, vascular inflammation, and atherosclerosis. J Am Heart Assoc.
2020;9:e015513. doi: 10.1161/JAHA.119.015513

Martinez GJ, Celermajer DS, Patel S. The NLRP3 inflammasome and
the emerging role of colchicine to inhibit atherosclerosis-associated
inflammation. Atherosclerosis. 2018;269:262-271. doi: 10.1016/j.
atherosclerosis.2017.12.027

Dinarello CA, Simon A, van der Meer JW. Treating inflammation by block-
ing interleukin-1 in a broad spectrum of diseases. Nat Rev Drug Discov.
2012;11:633-652. doi: 10.1038/nrd3800

Corna G, Golino M, Talasaz AH, Moroni F, Del Buono MG, Damonte
JI, Chiabrando JG, Mbualungu J, Trankle CR, Thomas GK, et al.
Response to interleukin-1 blockade with anakinra in women and men
with ST-segment elevation myocardial infarction. Minerva Cardiol Angiol.
2024;72:67-75. doi: 10.23736/S2724-5683.23.06439-6

13



	“How to Release or Not Release, That Is the Question.” A Review of Interleukin-­1 Cellular Release Mechanisms in Vascular Inflammation
	ABSTRACT: 
	IL-­1 Isoforms Interact with the IL-­1RI/II Receptor
	Processing of the IL-­1 Precursor
	Release of IL-­1β into the Extracellular Environment
	IL-­1 Release in the Context of Vascular Inflammation
	IL-­1 Is Crucial in Early Atherosclerosis Development
	IL-­1 Involvement in Advanced Atherosclerosis Is Complex and Nuanced
	Therapeutic Options Modulating IL-­1β Before or After the Release?
	Conclusions and Future Directions
	Sources of Funding
	Disclosures
	References


