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IL-33 (Interleukin 33)/sST2 Axis in Hypertension and
Heart Failure
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-33 (interleukin 33) is type of cytokine designated an alar-
min, which is released under stress conditions or by cell death
to induce protective measures in neighboring cells.! It signals
via the ST2 receptor, which is also expressed as a truncated and
soluble form that acts as a decoy receptor soluble ST2 (sST2).2
Substantial evidence supports the use of sST2 measurement as an
indicator of cardiac stress and remodeling in hypertension, heart
failure, cardiomyopathies, and aortic stenosis (AS). However, as
discussed here, there are gaps in our understanding of the 1L.-33/
sST2 axis, including the source of the components, stimuli for
their expression and release, what it actually assesses, and the
role of immune cells. Moreover, as discussed, the fundamental
assumption that I1-33 has beneficial actions that are thwarted by
sST2 requires further scrutiny.

Background, Signaling, and Expression
IL-33 is constitutively expressed and mainly present in nuclei
of epithelial and endothelial cells.** IL-33 was first discovered
in 1999 as a nuclear protein of unknown function encoded by
a gene upregulated in canine vasospastic cerebral vasculature
after subarachnoid hemorrhage and termed DVS27.5 In 2003,
the same nuclear protein was found to be abundantly expressed
in high endothelial venules that allow lymphocytes access into
lymphoid organs and lymph nodes®’ and accordingly named
nuclear factor from high endothelial venules.® Schmitz et al’
determined 2 years later that DVS27 and nuclear factor from
high endothelial venules were the same protein and noticed
that its C-terminal domain contains a [3-sheet trefoil fold struc-
ture similar to IL-1 family members. Indeed, the protein was
subsequently observed to function as a cytokine that induces
T helper (Th) type 2 responses through ST2, an orphan recep-
tor of the IL-1 receptor superfamily. This novel IL-1 family
member was then named 1L-33.°

The ST2 receptor exists as 2 isoforms, sST2 and trans-
membrane (ST2L), encoded by the same gene (IL/RLI) under
a proximal and distal promoter, respectively. Oxidation and
extracellular proteases terminate IL-33 biological actions."

Because of its expression at barrier tissues, IL-33 plays a
key role in maintaining barrier tissue defense.!' As an alarmin,

IL-33 activates various cell types of the innate and adaptive
immune system. Certain proteases, such as neutrophil and
mast cell serine proteases, cathepsin G, chymase, and elas-
tase, cleave IL-33 extracellularly and enhance its activity.'>'*
Resident immune cells constitutively expressing ST2L are a
main target for IL-33 and include group 2 innate lymphoid
cells (ILC2s),'>!¢ mast cells,'™ ' and tissue-resident regula-
tory T cells.***! Variations in ST2L expression affect the type
of immune response that IL-33 produces. For instance, while
expression of ST2L was decreased in ILC2 in a murine model of
chronic obstructive pulmonary disease, it was induced in mac-
rophages (with M2 polarization) and natural killer (NK) cells.?
Other targets of IL-33 include Th2 cells, B cells, basophils,
eosinophils, dendritic cells, and natural killer T (NKT) cells.!
Th1 and CD8* T cells also show induced expression of ST2L
in certain cases.”?* Depending on context, IL-33 is therefore
able to activate and perpetuate inflammation (eg, via Th2 or
mast cells)® or reduce and resolve inflammatory responses (eg,
via tissue-resident regulatory T cells or ILC2).2%?” By activat-
ing Th2 cells, IL-33 elicits a type 2 immune response, which if
exuberant may lead to tissue damage likely through activation
of mast cells or eosinophils and development of pathological
fibrosis.” In this way, IL-33 plays a role in the pathophysiol-
ogy of several proinflammatory and autoimmune diseases.” In
certain cells, IL-33 may induce expression of ST2L (eg, ILC2,
eosinophils, and tissue-resident regulatory T cells) or sST2
(eg, mast cells).! Figure 1 summarizes some notable actions of
IL-33 on immune cells that are potentially relevant to the heart.

Expression of IL-33 in nonimmune cells occurs normally
throughout the human body. Endothelial cells constitute the
main cell type that exhibits elevated levels of IL-33 at barrier
surfaces.® IL-33 is present also in adipose tissue*® and athero-
sclerotic plaques® and is constitutively present in secondary
lymphoid organs.® 11-33 is constitutively expressed in endo-
thelial cells of the vasculature tree of normal tissues, but not
the microcirculation of glomeruli and brain.> Keratinocytes,
epithelial cells, fibroblasts, and smooth muscle cells also
express 1L.-33.293233 Under pathological conditions, increased
IL-33 levels are detected in various adenocarcinomas,® and
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Figure 1. Principal actions of IL (interleukin)-33 on certain immune cells that are relevant for heart function and remodeling." CCL17 indicates chemokine
(C-C motif) ligand 17; ILC2, group 2 innate lymphoid cells; IFN, interferon; LPS, lipopolysaccharides; MCP, monocyte chemoattractant protein; TNF, tumor

necrosis factor; and Treg, tissue-resident regulatory T cells.

elevated levels are found in the circulation and tissues during
several inflammatory diseases including rheumatoid arthritis,
inflammatory bowel syndrome, asthma, and skin diseases.**’
Although IL-33 is primarily expressed by nonhematopoietic
cells, activated dendritic cells and M2 macrophages may also
express and secrete 1L.-33.%3

Expression of IL-33 at epithelial surfaces occurs in both
humans and mice.**** Unlike in humans, IL-33 is not normally
present along the mouse vascular tree, although expression has
been observed in a few vascular beds (ovaries, adipose tissue,
and liver).**=*! However, IL-33 expression was observed to be
increased in endothelial (and interstitial) cells of the mouse
heart after transverse aortic constriction.*?

In the human heart, IL-33 is mainly present in endothe-
lial cells of the vasculature, although cardiomyocytes and
fibroblasts of adults also constitutively express the protein.
Proinflammatory cytokines like IL-1f3, TNF (tumor necrosis
factor)-a., and IFN (interferon)-y increase IL-33 in these cells,
as well as in human coronary artery smooth muscle cells.*”* Very
low levels of sST2 and ST2L mRNA are detected in human
cardiomyocytes, vascular smooth muscle cells, and cardiac
fibroblasts, whereas ST2 is widely expressed in endothelial
cells of the cardiac vasculature, and both cardiac macro- and
microvascular endothelial cells secrete sST2.#* Expression of
both IL-33 and sST2 is induced in rat neonatal cardiomyocytes
and (more so) in cardiac fibroblasts on mechanical stress.’>#

Hypertension/Pulmonary Hypertension
Circulating sST2 levels may have diagnostic and prognostic
value in hypertension.*# Increased sST2 serum levels are
associated with alterations of left ventricular (LV) geometry*®

and increased systolic blood pressure.*”** Among Framingham
Heart Study participants, elevated blood levels of sST2 were
associated with hypertension and diabetes mellitus*; how-
ever, in healthy individuals from the general population, sST2
had little predictive value for cardiovascular events.*

In pulmonary arterial hypertension (PAH), the role of the
IL-33/sST2 axis would seem straightforward. Because sST2
release is potentiated during myocardial stretch, it is hypothe-
sized that increased pulmonary arterial blood pressure and right
ventricular (RV) afterload increase transmural wall stress, hence
increasing myocardial stretch and sST2 release. Therefore, sST2
could be considered a cardiac biomarker of mechanical strain
and act as a useful biomarker gauging RV dysfunction in PAH.*
Indeed, sST2 expression reflects the size and function of the RV
and independently predicts 1-year mortality in PAH patients.>"*>
Carlomagno et al® found that elevated sST2 expression in
patients with PAH was associated with systolic dysfunction
and RV dilatation. Elevated sST2 levels were also associated
with poor prognosis in childhood PAH with sST2/NT-proBNP
(N-terminal pro-B-type natriuretic peptide) biomarker combi-
nation predicting clinical condition and outcome.** Moreover,
increased sST?2 levels predicted disease severity in idiopathic
PAH patients and correlated with hemodynamic parameters and
other biomarkers.® In dyspneic patients, increased sST2 levels
directly correlated with RV dysfunction and predicted worsened
prognosis.” In patients with secondary pulmonary hypertension
because of chronic obstructive pulmonary disease, increases in
both sST2 and NT-proBNP correlated with RV dysfunction and
possessed prognostic and diagnostic value.”!

However, the assumption that RV myocytes release sST2
when stretched is based on work with LV myocytes (see below),
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which have a different embryological origin. Alternatively, loss
of nuclear IL-33 in pulmonary endothelial cells might explain
elevated sST2 serum levels in idiopathic PAH patients. Nuclear
IL-33 was found to be markedly reduced in endothelial cells of
pulmonary arterioles of patients with idiopathic PAH, which has
no cure and is associated with RV failure and death.*® Circulating
levels of IL-33 were unchanged, although accurate assessment
of circulating IL-33 is fraught with challenges.'® Further inves-
tigation revealed that nuclear IL-33 in human endothelial cells
formed a complex with a transcriptional repressor and bound
multiple putative homeodomain protein binding motifs in the
proximal and distal promoters of ST2 genes to repress their
expression. Nuclear IL-33 was also shown to function as a tran-
scriptional repressor of other inflammatory genes, such as IL-6,
in human endothelial cells. In addition, mast cells contribute to
different types of PAH,”” and active mast cells were found to
accumulate in the RV of a mouse model of PAH in association
with increased RV hypertrophy and fibrosis.*® Mast cells consti-
tutively express ST2L, and sST2 is strongly induced by IL-33."

Cardiac Hypertrophy

With hypertension, the LV undergoes hypertrophy, a risk
factor for cardiovascular mortality.”® Pressure overload of
the mouse heart by transverse aortic constriction was found
to induce IL-33 expression, and greater LV hypertrophy and
adverse cardiac remodeling were observed in ST27~ mice,
lacking both sST2 and ST2L.* Using cultured neonatal rat car-
diomyocytes, IL-33 was demonstrated to antagonize agonist-
induced cardiac hypertrophy, an action blocked by sST2 or
an antibody to ST2L.* Moreover, treatment with recombinant
IL-33 attenuated hypertrophy and cardiac remodeling in wild-
type, but not ST2-knockout mice. Although IL-33 transiently
activated NF-xB (nuclear factor kappa-light-chain-enhancer
of activated B cells) in cardiac myocytes, its antihypertrophic
actions were partially attributed to attenuation of NF-«kB acti-
vation by hypertrophic agonists, secondary to suppression of
ROS (reactive oxygen species) generation.

Systemic ablation of IL-33 exacerbated LV hypertrophy in
mice in response to transverse aortic constriction and aggra-
vated cardiac fibrosis and inflammation, including increased
myocardial expression of Thl cytokines, such as TNF-o.%
However, subsequent findings on mice showed that pressure
overload increases IL-33 expression in cardiac endothelial cells,
and IL-33 released from endothelial cells of the heart (but not
cardiac myocytes) was responsible not only for attenuating car-
diac hypertrophy and fibrotic gene expression via ST2L but also
paradoxically for inducing systemic inflammation.* Cardiac
myocyte-derived sST2 was proposed to act locally to block the
antihypertrophic actions of IL-33, whereas circulating levels of
sST2 were postulated to arise from endothelial cells of the heart.

These preclinical findings support a model in which IL-33
is a mechanically induced protein in the heart that acts as a
brake on cardiac hypertrophy and fibrosis. Thus, a correlation
may occur between levels of IL-33 (negative) or sST2 (positive)
and the degree of hypertension or extent of cardiac hypertrophy
and fibrosis, and indeed, in vivo and in vitro evidence indicates
that IL-33 has direct antihypertrophic actions on adult and neo-
natal rodent cardiomyocytes.***> Whether the same is true in
the adult human heart remains uncertain (Figure 2). Human

coronary artery and heart microvascular endothelial cells
from cardiomyopathy patients were found to express sST2, as
well as IL-33 and ST2L. However, human cardiac myocytes,
fibroblasts, and vascular smooth muscle cells were observed
to express IL-33, but only minor amounts of ST2L or sST2
mRNA and not to secrete sST2 or be responsive to IL-33.%
Explanted human cardiomyopathic hearts exhibited weak or no
ST2L staining by cardiac myocytes or fibroblasts, respectively.
In addition, no myocardial sST2 protein gradient was detected
in heart failure patients.®' Still, the biomechanical or inflamma-
tory stress associated with myocardial infarction or pressure/
volume overload of the heart might induce sST2 release from
cardiac myocytes. Mechanical strain, phorbol ester, IL-1§, and
endothelin 1 were reported to increase production of sST2 by
neonatal cardiac myocytes or fibroblasts.*#+62

Notably, in human LV hypertrophy because of AS and con-
gestive heart failure of undefined cause, serum sST2 levels were
found to correlate with diastolic load. However, in contrast to
BNP, no correlation was observed with systolic wall stress, which
may explain why sST2 in some cases may offer additional pre-
dictive value.®' In heart failure, sST2 levels also correlate with
serum levels of norepinephrine, natriuretic peptides, and CRP
(C-reactive protein), and release of sST2 from human coronary
artery endothelial cells is induced by certain inflammatory cyto-
kines (IL-1p and TNF-a).%' Thus, circulating sST2 levels may
function as a measure of hemodynamic and inflammatory stress
on the heart as primarily gauged by vascular endothelial cells.
The importance of immune cells in contributing to the IL-33/
sST?2 axis in the stressed heart is not defined. Although adult
cardiac myocytes and fibroblasts express IL-33, its role in those
cells may be largely intracellular. Extracellular IL-33/sST2, on
the other hand, may enable crosstalk between endothelial and
various immune cells that indirectly leads to cardiac remodeling.
Treatment of human coronary artery endothelial cells with IL-33
was found to induce expression of adhesion molecules, produce
the chemokine MCP1 (monocyte chemoattractant protein 1),
and promote adhesion of human leukocytes.*!

Hypertensive patients with LV concentric hypertrophy
have higher circulating sST?2 levels than patients with normal
heart geometry.*® Another study by the same group reported
that overall sST2 levels were higher in hypertensive patients
with LV hypertrophy and correlated with both systolic and
diastolic function, as well as RV remodeling.*#¢ However,
although increased sST2 was associated with increased likeli-
hood of LV hypertrophy in patients with metabolic syndrome,
no association was noted with diastolic dysfunction.® These
disparate conclusions could reflect disease stage, relative con-
tributions of systemic versus cardiac inflammation, as well as
extent and type of mechanical stress on the heart.** Such con-
siderations may help explain why both correlations between
circulating sST2 and cardiac hypertrophy and between sST2
and cardiac fibrosis (or diastolic dysfunction) need not be
observed concurrently. For instance, in patients with hypertro-
phic cardiomyopathy, a correlation of sST2 with LV hypertro-
phy, but not LV fibrosis, was recently reported.®

Heart Failure
Circulating sST2 levels are elevated in chronic heart failure
and strongly associated with heart failure severity and adverse
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Figure 2. Controversies surrounding the IL (interleukin)-33/sST2 axis in the heart. Although multiple studies highlight the use of circulating sST2 levels in
cardiac diseases, there are many unresolved issues concerning the sources and stimuli for release of IL-33 and sST2, as well as the cellular targets of IL-33.
Whether IL-33 is beneficial or harmful is also not known. In the (human) heart, endothelial cells are likely the major source for IL-33 and sST2 release, with

a lesser contribution from fibroblasts and myocytes. Although undoubtedly important, the contribution of immune cells is unexplored. The primary target of
IL-33 in the heart would seem to be endothelial cells. A direct effect via ST2L on fibroblasts and myocytes in the adult human heart is less certain. However,
in these cells, loss or increase in nuclear IL-33 levels may impact on inflammatory gene expression (inset). Although likely targeted, the role of immune cells
in IL-33 actions on the heart awaits investigation. Dendritic cells and possibly other immune cells may internalize IL-33, but the cytoplasmic or nuclear
consequences of this are not known. Finally, the contribution of extracardiac sources of sST2 and IL-33, such as adipose tissue, liver, large vessels, and
lungs, remains a possibility. CBM indicates chromatin binding motif; H2A and H2B, core histones; IL1AcP, IL-1 receptor accessory protein; ILC2, group 2

innate lymphoid cells; Treg, tissue-resident regulatory T cells; and VSMC, vascular smooth muscle cells.

outcomes, such as cardiovascular events, cardiac hospitaliza-
tion, increased risk of death or cardiac transplantation, and
sudden cardiac death.% In contrast to levels of natriuretic pep-
tides, sST2 levels are reported to be unaffected by body mass
index, renal function, or age (although there are some reports
of an association with age or body mass index).*:6-72
Substantial evidence has shown that sST2 is a powerful
prognostic biomarker in chronic heart failure with reduced ejec-
tion fraction (HFrEF). Blood sST?2 levels have use to improve
risk stratification in heart failure when added to established clin-
ical variables or biomarkers, such as NT-proBNP. A review in
mid-2014 of clinical trials on mostly HFrEF reported that sST2
levels, where assessed separately, offered incremental value as a
predictor variable for primary outcome in 18 studies.* In 10 of
these studies, sST2 offered independent prognostic information,
and in 8 provided additive value to clinical variables and bio-
markers for risk stratification. A recent meta-analysis assessing
6 of these studies, plus 1 from 2016, showed that sST2 is a pre-
dictor of both all-cause and cardiovascular death in heart failure
patients.” The use of sST2 to predict clinical course of heart
failure, all-cause and cardiovascular mortality, was observed in
patients with diabetes mellitus as well.”* Although shortcom-
ings of these trials, such as limited multivariate analysis and
narrow patient selection have been noted,”” sST2 was included
in the 2013 American College of Cardiology/American Heart

Association Guidelines for management of patients with heart
failure by additive risk stratification.

Other recent studies have supported the use of serial sST2
assessment™’® or a multi-biomarker profiling approach®”
in risk stratification of heart failure patients. In both cases,
the lower biological variability for sST2 may be advanta-
geous,” if properly combined with other biomarkers that are
not redundant for the same pathophysiological process.? In
the large (n=1449) CORONA study (Controlled Rosuvastatin
Multinational Trial in Heart Failure), sST2 was independently
associated with worsening heart failure.®? In addition, clinical
improvement in New York Heart Association (NYHA) IIT and
IV heart failure was associated with a significant reduction
in sST2 levels.®”” Thus, sST2 may provide insight into disease
progression in heart failure comparable to NT-proBNP lev-
els,® with added value over natriuretic peptides for accurately
assessing disease management for monitoring or adjusting
drug therapy.®® sST2 was also demonstrated to have value
for predicting clinical improvement in systolic heart failure
patients. The ST2-R2 score, a composite of clinical variables
plus serum concentrations of sST2 and complementary bio-
markers, was demonstrated to predict reverse LV remod-
eling and functional improvement in systolic heart failure
patients and mortality up to 4 years.’*® Interestingly, sST2
was the only studied biomarker independently associated with
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reverse remodeling. In the PARADIGM-HEF trial (Prospective
Comparison of ARNI With ACEI to Determine Impact on
Global Mortality and Morbidity in Heart Failure), baseline
sST2 level was an independent predictor of clinical outcomes
even after adjusting for other predictors, including high-sen-
sitivity troponin T (hs-TnT) and NT-proBNP. The association
between baseline sST2 and outcomes was linear.’ Notably,
increases in sST2 at 1 month were associated with subse-
quent worse outcomes and decreased with better outcomes.
Compared with enalapril, sacubitril/valsartan led to more
reductions and fewer increases in sST2 levels over time.
More than half the patients with heart failure experience
impaired cardiac relaxation, that is, diastolic dysfunction, in
the face of a normal ejection fraction, a condition termed heart
failure with preserved ejection fraction (HFpEF).8”# HFpEF,
which is more prevalent among the elderly, is characterized
by the presence of several comorbidities, such as obesity, type
2 diabetes mellitus, or hypertension. As there are no effective
treatments for HFpEF based on the outcomes of clinical trials,
HFpEF represents one of the largest unmet needs in medicine.
Systemic vascular inflammation and coronary microvascular
endothelial dysfunction are thought to be the basis for HFpEE.*’
In 2 studies of patients with stable or compensated HFpEF,
sST2 blood levels were elevated compared with controls and
roughly comparable to those of patients with HFrEE.**! In 1
study, slightly higher sST2 levels for HFpEF (n=112; HFrEF,
n=458) combined with a different biomarker profile, improved
discrimination between the 2 HF subtypes in multivariable
analysis.”! However, no difference in sST2 levels was found
between HFpEF (n=50) or HFrEF (n=51) patients and a con-
trol group (n=50) of randomly sampled free-living adults after
adjusting for sex, age, clinical risk factors, and medications.” In
contrast, multivariate analysis showed that elevated sST2 was
independently associated with HFpEF in hypertensive patients
(n=107), although levels provided no additional insight into
the extent of diastolic dysfunction or heart failure functional
class.”” Nonetheless, evidence was reported that sST2 levels
may have prognostic use in HFpEF, as well as HFrEF, for over-
all survival and heart failure hospitalization-free survival based
on patient populations of predominantly NYHA class >III.°!
A correlation between sST2 and severity of disease, as
assessed by blood NT-proBNP levels, E/E’ (a measure of diastolic
dysfunction), left atrial (LA) volume, and galectin 3 (a measure
of tissue fibrosis) was reported in HFpEF patients, although in a
multivariable model after adjusting for confounders, only female
sex, NYHA class, and LA volume were associated with higher
sST2.” Increased LV diastolic stiffness in HFpEF might cause
increased LA volume. Among HFpEF patients (n=174) enrolled
in the RELAX trial (Phosphdiesterase-5 Inhibition to Improve
Clinical Status and Exercise Capacity in Diastolic Heart Failure),
sST2 was not associated with LV structure or LV systolic or dia-
stolic function; however, higher sST2 levels were associated
with the presence of diabetes mellitus, biomarkers of systemic
inflammation and fibrosis, neurohumoral activation, myocardial
necrosis, atrial fibrillation, systemic congestion, renal dysfunc-
tion, RV pressure overload (because of LV diastolic dysfunction
[LVDD] and pulmonary congestion) and dysfunction, and exer-
cise intolerance.”* Interestingly, although type 2 diabetes mel-
litus was associated with elevated levels of sST2 (n=140 versus

18 patients without diabetes mellitus) and a correlation between
glycemic control and sST2 was observed, patients with diabetes
mellitus with LVDD (n=50) exhibited even higher sST2 lev-
els.” The rather poor association of sST2 levels with ventricular
function in the context of HFpEF may reflect its lack of cardiac
specificity. The presence of multiple comorbidities, which may
become more prominent with age, extracardiac sources of sST2,
and its elevation in many other medical conditions likely limit its
cardiac-related prognostic use in HFpEF.

A persuasive case can be made that clinical HFpEF is more
reflective of adverse LA remodeling than LV concentric hypertro-
phy and fibrosis. HFpEF is characterized by greater LA stiffness
compared with greater eccentric remodeling seen in HFrEE.%%%7
Preclinical and clinical evidence indicates that maladaptive LA
remodeling occurs early during HFpEF development.®*° At
early stages of HFpEF, LA dysfunction is associated with a
higher risk of heart failure hospitalization independent of poten-
tial clinical confounders, although not independent of LV strain
and filling pressure, suggesting a common link between LA and
LV remodeling.”® With more advanced-stage heart failure, LA
dysfunction is a predictor of mortality in HFpEF.*"'® Limited
evidence implicates fibrosis in LA stiffness,”®!°" and increased
fibrosis and wall stress could contribute to atrial arrhythmias,
which is a common comorbidity of HFpEE”"!%! Impaired LA
function may explain the pulmonary congestion, shortness of
breath, and exercise intolerance associated with HFpEF and
could lead to right heart failure,”'> a leading cause of death
in patients with HFpEF accounting for >50% of deaths.!®
Consistent with a primary role of LA stiffness in HFpEF are
recent findings reported on 86 HFpEF patients from the pro-
spective, multicenter KaRen substudy (Karolinska-Rennes).!**
Plasma sST2 levels were (inversely) associated with LA strain,
but not LA size, nor LV geometry or systolic/diastolic function.
Moreover, heart failure symptoms and outcome were indepen-
dently predicted by reduced LA strain and not LV functional
parameters. As discussed,'™ increased LA fibrosis (and sST2)
in these HFpEF patients would seem to be reflective of inflam-
mation, rather than attributable to increased hemodynamic load.

Although the prognostic use of sST2 is established in
chronic heart failure, HFrEF or HFpEEF, its predictive value
in asymptomatic patients is uncertain. In a longitudinal obser-
vational study of 3915 community-dwelling elderly persons
without established heart failure, the predictive value of sST2
for heart failure of any subtype or cardiovascular death was
found to be modest compared with the existing risk models,
despite strong cross-sectional associations with risk factors
and underlying cardiac pathology.!® Nor was sST2 associated
with the development of either HFpEF or HFrEF.

With acute heart failure, plasma sST2 levels are higher
than in chronic heart failure and also have prognostic use.®1%
Multiple studies have reported that in acute heart failure,
plasma sST2 levels at the time of hospital admission are
strongly associated with measures of heart failure severity
and with poor outcome.® Plasma sST2 levels in acute heart
failure have been shown to provide independent and additive
prognostic insight together with clinical variables and gold
standard cardiovascular biomarkers, such as cardiac troponins
and natriuretic peptides. The use of sST2 for predicting mor-
tality in acute heart failure is observed regardless of whether
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the subtype is HFrEF or HFpEF, although sST2 concentrations
may be lower in patients with HFpEF.'”” Others report that the
prognostic value of sST2 in acute failure with HFpEF is less
robust than with HFrEF, although in both subtypes prognostic
accuracy is improved when combined with BNP.!% Follow-up
(out to 30 days) may strengthen the independent incremental
prognostic value of sST2 in acute heart failure.'® Moreover,
persistently elevated sST2 at follow-up may identify a subset
of patients with increased risk of death. A recent meta-analysis
of 10 studies encompassing a worldwide population of 4835
patients with acute heart failure revealed that both admission
and discharge plasma sST2 have prognostic use for cardiovas-
cular and all-cause death, as well as the composite outcome
of all-cause death or heart failure hospitalization.!” Discharge
sST2 was also predictive of heart failure hospitalization dur-
ing follow-up. Unlike biomarkers of systemic inflammation,
sST2 levels decrease rapidly with clinical improvement of
acute heart failure.!'® Among the biomarkers assessed in this
study, only postdischarge levels of BNP and sST2 had predic-
tive value at 1 year by univariate Cox analysis. Serial measure-
ments may improve the prognostic value of sST2 in acute heart
failure to be additive or superior to natriuretic peptides.5678111
A multi-biomarker approach that entails serial measurements
of complementary biomarkers including sST2, along with
standard clinical and laboratory parameters, might be used to
guide personalized treatment strategies for acute heart failure.
A strategy involving serial assessment of NT-proBNP, hs-cTnT
(high-sensitivity cardiac troponin T), GDF15 (growth/differen-
tiation factor 15), hs-CRP (high-sensitivity C-reactive protein),
and sST2 was used to devise a model with very high prognos-
tic value for 180-day cardiovascular mortality of patients with
acute heart failure and mild-to-moderate renal impairment.''?

Cardiomyopathies
Other forms of cardiomyopathies have been associated with
elevated blood sST2 levels (Table). Diabetic cardiomyopathy
is characterized by LVDD in the absence of other etiologic
risk factors. Compared with healthy controls, type 2 diabetes
mellitus (with or without LVDD) were reported to have higher
serum sST2 levels that positively correlated with hs-CRP levels,
a marker of systemic inflammation, and the extent of glycemic
control (HbA1c¢).” Type 2 diabetics with LVDD had the highest
levels of sST2. However, sST2 levels were found not to predict
the occurrence of diastolic dysfunction 2 years later in patients
with type 2 diabetes mellitus (n=48), when in fact sST2 was ele-
vated further, although hs-CRP and triglycerides did.'* These
findings may suggest that increased levels of sST2 in diabetes
mellitus are not causal for LVDD, but rather are reflective of
a yet-to-be fully understood counter-regulatory phenomenon.”

Aortic Stenosis
AS, which commonly develops during aging and often pro-
gresses without symptoms, is one of the most common and
serious valve disease problems.!?!'?? In the Western world,
AS is the third most common cardiovascular disease (CVD)
after coronary artery disease and systemic hypertension.!??
Surgical valve replacement is the standard of care for severe
symptomatic AS. However, because of age, comorbidities,
or frailty, upwards of a third of AS patients are not eligible
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for this surgery, and transcatheter aortic valve implantation
can be an alternative treatment.'”>!* Severe AS is associ-
ated with increased morbidity and mortality, due in part to
pressure overload—induced LV concentric hypertrophy and
diastolic dysfunction that may progress to LV dilation and
systolic dysfunction.!?

Inflammatory processes underlie the progression of
AS, but the contribution of IL-33 is not well established.
Analysis of aortic valve samples obtained from patients
undergoing valve replacement surgery because of stenosis
or regurgitation showed that sST2 protein expression was
markedly upregulated in AS valves, whereas IL-33 was
similar between the 2.'** In addition, immunohistochemistry
revealed the coexpression of both ST2 and IL-33 in CD68*
macrophages in AS valves.

An elevation in sST2 along with the biomarkers GDF15
and NT-proBNP was shown to predict 2-year mortality in
patients (n=345) subsequently undergoing either transcatheter
or surgical aortic valve replacement.'” A more recent study
reported that markedly increased preinterventional sST2
levels accurately predicted 1-year (but not 30 days) mortal-
ity in patients (n=274) who underwent transcatheter aortic
valve implantation, even after correction for confounders in
a multivariate analysis.'””® A similar smaller study (n=74 AS
patients) reported that sST2 predicts major adverse cardiovas-
cular events and 2-year survival after transcatheter aortic valve
implantation.'? In AS, sST2 may provide additional prognos-
tic value as well. In a small cohort of patients with AS and
preserved LV ejection fraction (n=86), both BNP and sST2
were associated with NYHA class, but sST2 more accurately
identified asymptomatic patients or those who subsequently
developed heart failure symptoms during follow-up.'?” Levels
of sST2 were also associated with AS severity and degree
of diastolic burden as assessed by left atrial area. However,
the results of a larger study (n=461) showed that although
sST2 independently associated with adverse outcome after
transcatheter aortic valve implantation, it was not superior to
NT-proBNP in predicting mortality.'?

Implications for Therapies and Future Directions
Accumulating evidence supports the diagnostic and prognos-
tic use of sST2, particularly as a component of a multi-bio-
marker profiling approach, in chronic and acute heart failure,
and for AS. In heart failure, measuring sST2 may offer added
value for accurately assessing disease management for moni-
toring or adjusting drug therapy. Additional properly powered
and rigorously designed clinical trials are needed to confirm
its use in HFpEF, as well as for diabetes mellitus and other
cardiomyopathies.

There is evidence that circulating sST2 levels function as a
measure of hemodynamic and inflammatory stress on the heart
as primarily gauged by vascular endothelial cells, although
information on the contribution of immune cells is sorely
needed. Preclinical studies involving cell-specific transgenic
and knockout models are also required. A better understand-
ing of the contribution of cardiac versus systemic sources of
IL-33 and sST?2, particularly as they impact on heart function
and remodeling, is needed, not only for hypertension and dia-
betes mellitus but also for heart failure as well.
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Table. Diagnostic or Prognostic Use of sST2 for Various Cardiomyopathies

Cardiomyopathy n

Outcome

Acute Kawasaki disease'" 55 acute Kawasaki disease (KD)

samples), 54 FC, 50 HC children

subjects (30 with paired convalescent

Elevated sST2 in acute KD vs convalescent KD and HC subjects.

sST2 levels negatively correlated with iliness days and deceleration time.

NT-proBNP and sST2 levels correlated with impaired myocardial relaxation and
increased oxidative stress in acute KD.

Arrhythmogenic right ventricular

44 subjects (41+15 y old, 23 males, 21

sST2 associated with RV and LV function and ventricular arrhythmias.

and sex-matched controls

cardiomyopathy''4 females)
sST2 more elevated in males than in females.
sST2 associated with weight and BMI.
No correlation between elevated sST2 and history of ventricular arrhythmias.
HIV'1® 332 HIv-infected controls and 50 age- | Increased levels of all biomarkers in HIV-infected patients except for sST2, IL-6

(after controlling for age, sex and estimated glomerular filtration rate/GFR).

Association between sST2 levels and DD: each doubling of sST2 corresponded
to 43% increased risk.

sST2 remained independently related to DD after adjustment for cardiovascular
disease and HIV-related risk factors.

Strong association between sST2 and all-cause mortality: each doubling of
ST2 corresponded to a 104% increased risk of death.

Idiopathic dilated cardiomyopathy''6-'"7
(nonischemic/nonhypertensive)

107 DCM patients (50.3+17.5 y)'®

Correlation between sST2 and all-cause mortality with stable chronic heart
failure because of nonischemic DCM.""®

102 patients (=18 y old) with LVEF of
26+10% and diagnosis of ICM'”

Association between sST2 and severity of heart failure in patients admitted for
assessment of DCM.""”

Patients with markedly elevated sST2 concentration at baseline prone to
subsequent death from worsening heart failure or transplantation.'"”

Increased sST2 levels associated with signs of hemodynamic decompensation,
including elevated heart rate and RAP in nonischemic heart failure patients.'"”

Attenuation of hemodynamic parameters with clinical improvement while sST2
distribution narrows.""”

TTC™8119 64 patients: 21 with TTC and 43 with

AMI (either ST or non-ST elevation)''®

Elevated ST2 within first 12 h of hospitalization correlated with increased mortality,
cardiovascular complication, and worse outcome in TTC and CAD patients.'"®

76 patients (64+17 y old; 46 males, 30
females) admitted to noncardiac MICU""®

No difference in sST2 on hospital admission between SCM and non-SCM
patients; on follow-up (day 3), significant increase in sST2 in SCM patients.'"®

Positive correlation of sST2 with hs-CRP at admission.®

More elevated cTnl and BNP levels in SCM vs non-SCM patients.®

sST2 and cTnl good combination to detect SCM in noncardiac MICU patients.''®

AMI indicates acute myocardial infarction; BMI, body mass index; CAD, coronary artery disease; cTnl, serum cardiac troponin I; DCM, dilated cardiomyopathy;
DD, diastolic dysfunction; FC, febrile control; HC, healthy control; hs-CRP, high-sensitivity C-reactive protein; ICM, idiopathic cardiomyopathy; IL, interleukin; LV, left
ventricular; LVEF, left ventricular ejection fraction; MICU, medical intensive care unit; NT-proBNP, N-terminal pro-B-type natriuretic peptide; RAP, right atrial pressure;
RV, right ventricular; SCM, stress cardiomyopathy; and TTC, Takotsubo cardiomyopathy.

Genetic variants in and around the /IL/RLI gene are asso-
ciated with differences in expression levels of sST2, ST2L,
and IL-33, and polymorphisms on the surrounding gene
cluster are associated with immune and inflammatory condi-
tions.!” However, more extensive genome-wide association
studies are needed to establish a causal link with CVD. Other
unresolved issues are the intracellular actions of IL-33 and
how these are coordinated with its extracellular actions, and
whether sST2 itself has biological actions.

A few pharmaceutical companies are developing anti—I1.-33
and anti-ST2 biologics, as well as sST2-like drugs in the context

of treating asthma and chronic obstructive pulmonary disease.
Their impact on CVD warrants scrutiny, particularly on levels
of natural IgM anti-oxLDL (oxidized low-density lipoprotein)
antibodies that are linked to IL.-33 and inversely associated with
CVD. A better understanding of the differences in pharmacol-
ogy between anti-ST2 and sST2 is desired. In this regard, the
assumption that I1-33 has beneficial cardiovascular actions
that are opposed by elevated sST2 in humans is unproven.
For one thing, IL-33 can induce the expression of sST2 (as
well as ST2L), indicating that chronically elevated sST2 may
reflect unresolved actions of IL-33. IL-33 may increase its own
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expression as well.!” Evidence indicates that, although IL-33
has beneficial effects in atherosclerosis and adipocyte lipid
homeostasis via ILC2 and Treg cells, IL-33 may activate an
inflammatory response directly in endothelial cells, as well as
by activating mast cells, eosinophils, and neutrophils.'® Both
concentration and spatiotemporal context are considerations in
determining whether IL.-33 favors an anti- or a proinflammatory
outcome. A more rigorous assessment of circulating IL-33 lev-
els using serum-certified ELISA assays that accurately assess
active (nonoxidized and non-sST2 bound) levels is needed."

Depending on disease context, other treatments in com-
bination with targeting sST2, ST2L, or IL33 will likely have
additive effects. Synergistic interactions between IL-1f and
IL-33 involving ST2L-mediated IL-18 and IL-33 expression,
IL-1B—induced ST2L expression, and IL-33—induced/IL-1{3—
induced/ST2L-induced sST2 expression have been observed.”
At the level of signal transduction, activation of ST2L in such
cells as macrophages and mast cells may not only induce a Th2
response, but attenuate IL-1R1 (type I IL-1 receptor)—induced or
TLR4 (Toll-like receptor 4)-induced Th1 responses by seques-
trating the adaptor proteins Mal (MyD88-adapter-like) and
MyD88 (myeloid differentiation primary response 88).!%’ Thus,
the recently reported cardiovascular benefit of targeting IL-1[3
shown in the CANTOS (Canakinumab Anti-Inflammatory
Thrombosis Outcomes Study)"**!*! needs to be considered in
exploiting the potential of IL-33-based/sST2-based therapies.

In conclusion, the clinical use of sST2 as a biomarker
in CVD has recently gained recognition. However, further
work is needed to better understand the accompanying physi-
ological role of IL-33 at the cellular and molecular level that
impacts on disease progression and outcome.
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