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Abstract: The increasing incidence of coronavirus disease 19 (COVID-19) and its polymorphic clinical
manifestations due to local and systemic inflammation represent a high burden for many public health
systems. Multiple evidence revealed the interdependence between the presence of cardiovascular
comorbidities and a severe course of COVID-19, with heart failure (HF) being incriminated as an
independent predictor of mortality. Suppression of tumorigenicity-2 ST2 has emerged as one of
the most promising biomarkers in assessing the evolution and prognosis of patients with HF. The
uniqueness of ST2 is determined by its structural particularities. Its transmembrane isoform exerts
cardioprotective effects, while the soluble isoform (sST2), which is detectable in serum, is associated
with myocardial fibrosis and poor outcome in patients with HF. Some recent data also suggested the
potential role of sST2 as a marker of inflammation, while other studies highlighted it as a valuable
prognostic factor in patients with COVID-19. In this review, we summarized the pathways by which
sST2 is related to myocardial injury and its connection to the severity of inflammation in patients
with COVID-19. Also, we reviewed possible perspectives of using it as a dual cardio-inflammatory
biomarker, for both early diagnosis, risk stratification and prognosis assessment of patients with
concomitant HF and COVID-19.
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1. Introduction: The Biological Mechanisms of Myocardial Injury in COVID-19

One year after its first occurrence, coronavirus disease 2019 (COVID-19) is still dom-
inating not only the public health systems, but also the research spectrum. The current
fields of interest are focused on unraveling the immunopathology of COVID-19 caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), and assessing the multiple
extrapulmonary clinical manifestations related to this new viral infection. Myocardial in-
jury is probably the most severe non-respiratory associated condition in COVID-19 patients
and can be elicited by several mechanisms. Recent studies emphasized the presence of
a common neuroendocrine pathway, for both pulmonary and myocardial injury, via the
angiotensin converting enzyme 2 ACE2 receptors, which are highly expressed in heart and
lungs [1].

The internalization of the virus, through binding the ACE2 receptor, can directly
cause an initial myocardial injury, as it was previously demonstrated in other severe
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acute respiratory syndrome SARS viral outbreaks [2]. More recently, the SARS-CoV-2
genome was confirmed by PCR in the cardiac tissue from a recent autopsy study in patients
deceased due to COVID19, but without previous clinical signs of fulminant myocarditis.
Interestingly, the virus was mostly cantoned in interstitial cells or other inflammatory cells
invading the myocardial tissue, and not in the cardiomyocytes themselves [3]. On the other
hand, another study highlighted the presence of SARS-CoV-2 preferentially in COVID-19
patients’ cardiomyocytes, both in terms of viral transcript detection, assessment of viral
proteins or even virion identification. The same research team also observed the presence
of significant injury in infected cardiomyocytes, ranging from intracellular oedema to focal
myofibrillar lysis and sarcomere ruptures [4].

Additionally, there is a mutual influence between SARS-CoV-2 and the ACE2 receptor;
despite the fact that the virus uses ACE2 to enter the host cell, it also downregulates the
expression of this receptor, promoting a cascade of deleterious effects at myocardial level.
This is due to ACE2 receptors’ capacity to enhance degradation of angiotensin (Ang) II
to Ang 1-7, that presents a cardioprotective capacity via an increased NO release and
decreased fibrogenesis [5,6]. ACE2 receptors also limit the negative effects resulting from
binding of Ang Il to AT1 receptors, which include myocardial hypertrophy and dysfunction,
interstitial fibrosis, vasoconstriction, marked proinflammatory status, oxidative stress and
hypercoagulability [6,7]. Is noteworthy that positive influence of ACE2 is intimately linked
with the upregulation of the renin—-angiotensin—aldosterone system (RAAS), as it happens
in heart failure (HF), arterial hypertension or atherosclerosis [7]. Basically, the SARS-CoV-2
not only binds the ACE2 receptor in order to enter the cells, but it also downregulates
its expression in cardiac muscle, functionally removing it from the external site of the
membrane, hence contributing to the poorer outcome of COVID-19 patients suffering from
cardiovascular diseases, particularly from HF [8,9].

The pathophysiological chain of events can be summarized as two different molec-
ular pathways, with opposite effects concerning cardiovascular system: the deleteri-
ous ACE—Ang II—+AT1 receptor pathway that is counter-regulated by the protective
ACE2— Ang;_;—Mas receptor pathway [5,6].

2. A Complicated Relationship: Heart Failure and COVID-19

The assessment of both immediate, life-threatening cardiovascular events and long-
term prognosis in COVID-19 patients has been an absolute priority for physicians since the
beginning of the pandemic. The mutual influence between COVID-19 and cardiovascular
diseases is based on evidence from multiple studies that have shown that patients with
severe COVID-19 symptoms had a higher risk of cardiovascular events and, at the same
time, cardiac pathologies may predispose to worse outcomes in patients admitted for
COVID-19 [10-13].

Strictly regarding patients with HEF, this condition had a variable prevalence in
COVID-19 patients, ranging from 4.9% to 23% [14,15], these values being significantly
higher amongst deceased patients compared to those who survived. Mortality rates are
higher whether it is a new onset (46.8% vs. 19.7%; p < 0.001) or chronic decompensated
HF (48.7% vs. 19.0%; p < 0.001) [14], thereby being considered an independent predictor of
in-hospital death [16]. These figures are due to several pathophysiological mechanisms, but
mainly because HF is generally associated with increased susceptibility to severe infections
and impaired immunological response.

Although it is already known from the previous coronavirus or influenza pandemics
that viral infections can trigger acute HF or decompensate a preexisting chronic HF [17], in
the context of the very aggressive SARS-CoV-2, these patients are at high risk of exacerba-
tions, hospitalizations and, ultimately, death [18].

COVID-19 is associated with significant macrophage recruitment and increased subse-
quent cytokine production, thus determining a hypercoagulable state with a substantial
risk of thromboembolic events. Moreover, the endothelial dysfunction and electrolyte
disturbances may determine ischemic and arrhythmic events, respectively [16].
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The severe forms of COVID-19 are characterized by a cytokine storm, with an en-
hanced secretion of various interleukins (IL), especially IL-1b, IL-3, IL-6, IL-7, IL-12,
chemokines (CCL2, CCL3, CCL5, CXCL8, CXCL9, CXCL10, etc.) and granulocyte-colony
stimulating factor, interferon-y inducible protein 10 and, very important, tumor necrosis
factor-« [19,20], their increased levels being significantly associated with myocardial injury,
as shown in a study conducted by Song et al. [21].

3. Chronic Heart Failure in COVID-19: The Perfect Trigger

The exacerbation of a chronic HF can be triggered by the imbalance between the
increased cardiac demand for O, (due to a hyperinflammatory state with subsequent
tachycardia) and hypoxemia due to respiratory failure, or even circulation insufficiency
in the context of septic shock, resulting in a low blood pressure with impaired coronary
perfusion [18].

Extensive evidence from literature also supports the influence of coagulation disor-
ders in aggravating preexistent HF. The cytokines released in response to viral aggression
determine a significant hypercoagulable environment with a marked tendency toward clot
formation and platelet hyperactivation, but also downregulating the important physiologi-
cal anticoagulant pathways [22]. The risk of thrombotic events is additionally augmented
by the presence of other non-COVID-19 conditions such age, male sex, immobilization,
central vein catheters or the preexistence of other comorbidities, hypertension being inde-
pendently associated with a higher thrombotic risk in COVID-19 patients [14,22], while
systemic anticoagulation was a hallmark for prolonged survival rates [18,23].

In COVID-19 patients admitted to intensive care units (ICUs), mechanical ventilation
with elevated positive end-expiratory pressure leads to an increase in afterload and parietal
stress of the right ventricle, thus furtherly reducing the cardiac output of an already injured
heart [7]. Another incriminated mechanism that may exacerbate HF, especially in ICU
patients, is represented by acute kidney injury, resulting in increased ventricular filling
pressures due to volume overload [14].

4. Acute Heart Failure in COVID-19: One Target, Multiple Pathways

Concerning the individuals with a new onset of HF, the incriminated factors are
largely based on COVID-19’s underlying inflammation, both systemic and at myocardial
level. A classical acute HF presentation may be represented by severe myocarditis, which
can evolve further with important systolic dysfunction and cardiogenic shock. Under
these circumstances, the pathophysiological chain may be continued with multiple organ
failure and death [24]. However, despite extensive inflammation found in a cohort of
112 patients with COVID-19, Deng et al. observed no significant echocardiography aspects
suggestive for myocarditis, such as wall motion abnormalities, reduced systolic function or
wall thickening [25].

Another prevalent feature in COVID-19 patients is represented by pulmonary em-
bolism (PE) which may lead to acute right ventricular (RV) failure. These phenomena
occur due to previously discussed hypercoagulable, prothrombotic state determined by
the new coronavirus; even subclinical pulmonary microembolization can cause pulmonary
hypertension and a subsequent increase in RV afterload and wall stress [7,15].

Arrhythmias and their pathophysiology are extensively studied in COVID-19, not
only because they are a relatively common clinical aspect in these patients [26], but also
because they represent a negative prognostic factor and a major cause for an ICU transfer,
as reported in a study conducted by Wang et al. [27]. In SARS-CoV-2 infection, incrim-
inated proarrhythmogenic mechanisms include impaired electrical conduction due to
direct viral myocardial injury, release of cytokines predisposing to arrhythmogenicity
(e.g., IL-6), pericardial effusion (sometimes associated with acute myocarditis), ischemia
due to microthrombi in the coronary circulation and arrhythmogenic substrate due to
post-myocarditis fibrosis or scar tissue [28,29].
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Stress-induced cardiomyopathy (also known as Takotsubo cardiomyopathy) represent
a rarer complication of COVID-19, only scarce data largely based on case reports being cited
in literature. The exact underlying mechanisms are not fully understood, some studies
supporting the hypothesis of either a high cortisol level or an increase in catecholamines,
due to generalized inflammatory response and sympathetic activation [18,30]. It is worth
mentioning that this hypercatecholaminergic state due to cytokine storm in ICU patients is
associated with higher blood pressures compared to stable, non-ICU patients (145 mmHg
vs. 122 mmHg; p < 0.001) [7]; interestingly, this hypertensive profile in severe patients
represents a positive prognosis factor, with a decreased necessary of inotropic support and
a lower risk for developing cardiogenic shock [31].

Based on the previous findings concerning myocardial injury found at autopsy,
Mehra et al. suggest that, during the initial, predominantly pulmonary phases, there
is a subclinical diastolic dysfunction, while impaired systolic function is only a characteris-
tic of the late stage disease, with massive influx of cytokines [16].

As previously discussed, this pattern of subclinical myocardial injury requires a strict
follow up assessment in surviving patients, also drawing attention to the importance of
its early, noninvasive detection, preferably by using a biomarker with high sensitivity
and specificity.

5. Natriuretic Peptides and Cardiac Troponins in Patients with COVID-19 and
Heart Failure

The laboratory expression of the mutual influence between COVID-19 and HF is rep-
resented by increased serum biomarkers suggestive of myocardial injury. When reviewing
the literature published so far on COVID-19, we observed that elevated cardiac biomarker
concentrations are correlated with disease severity and poor prognosis in patients infected
with SARS-CoV-2 [13,14,32]. Most of the available data is predominantly focused in assess-
ing the serum fluctuation of the so-called “classic” cardiac biomarkers, namely N-terminal
pro-B-type natriuretic peptide (NT-proBNP) and cardiac troponins I or T (cInl/cTnT).

cTInl is considered a gold-standard biomarker for cardiac risk assessment, being highly
specific to the myocardial tissue. Basically, it is released in the presence of myocardial injury,
regardless of the incriminated pathophysiological mechanism [33]. The prognostic role of
troponins in COVID-19 patients is exemplified by numerous studies; Guo et al. reported
elevated cTn in 52 out of 187 (27.8%) patients infected with SARS-CoV-2, who presented a
significantly higher rate of mortality, compared to patients with normal levels of ¢Tn (59.6%
vs. 8.9%, p < 0.001) [13]. More important, in the same study, the raised serum level of cTn
was associated with an increased mortality both in patients with a previous diagnosis of
cardiovascular disease (CVD) and in those without CVD (69.4% vs. 37.5%), suggesting the
use of cardiac biomarkers for risk stratification and a more targeted therapeutic approach in
all COVID-19 patients [13]. Linearity between the increased troponins and high mortality
was also proven in a study conducted by Shi et al., who revealed a significant mortality
rate among patients with elevated troponins, compared to those with values within normal
range (51.2% vs. 4.5%, p < 0.001) [34].

Numerous literature data confirmed that natriuretic peptides exhibit a similar pattern
concerning COVID-19's severity and its poor outcome, high levels of BNP/NT-proBNP
being predictive of disease progression and risk of death [7,13,34]. Many authors also
revealed that the gradual increase of natriuretic peptides is associated with a similarly high
serum level of cTn, suggesting myocardial injury and severe heart failure, in contrast to
normal, stable serum BNP levels found in patients with nonsevere forms of COVID-19,
who were successfully discharged [11,13,34].

However, it is difficult to correlate the cardiovascular injury and increased biomark-
ers strictly with COVID-19. Multiple studies have proven that elevated serum cTn or
BNP/NT-proBNP levels are similarly associated with a poor prognosis in numerous co-
morbidities such as pneumonia, sepsis or acute respiratory distress syndrome [35-38]. For
instance, ICU admitted patients with pneumonia present elevated NT-proBNP concen-
tration, irrespective of the presence of HE. Some authors suggest that this can occur due



Diagnostics 2021, 11, 175

50f16

to hypoxia-induced pulmonary hypertension that may increase ventricular wall stress in
patient with pneumonia, thus leading to the increased release of NT-proBNP [39,40]. An
additional wall stress inducer may be represented by the extensive use of vasopressors
in patients from ICU [41]. Nevertheless, presence of acute kidney injury in critically ill
patients may also impair NT-proBNP clearance, leading to a false, “non-HF” augmentation
of these biomarkers [42].

In these pandemic-influenced conditions, the research for a biomarker able to detect
a subclinical HF at an early stage in COVID-19 patients is of high importance. Soluble
suppression of tumorigenicity 2 (sST-2) is a very promising cardiac biomarker, not only for
the initial assessment, but also for the long-term prognosis of patients with HF.

In this paper, we aim to review the pros and cons of this less-common biomarker and
the perspectives of integrating it in the evaluation of patients with HF and COVID-19,
either as an individual test or as part of multimarker battery test, alongside with ¢cTn and
natriuretic peptides.

6. ST2: Structural and Functional Characteristics

ST2 is a subtype of the vaster interleukin 1(IL-1)/ toll-like receptor (TLR) family,
also known as interleukin 1 receptor-like 1 (IL1RL-1) [43,44]. Although firstly described
in 1989, it was not until the early 2000s that its possible role in cardiovascular system
was researched.

The ST2 protein consists of two main isoforms: a transmembrane receptor form (ST2L)
and a circulating, soluble receptor form (sST2) that can be detected in serum [44]. The
transmembrane isoform ST2L represents the receptor for interleukin-33 (IL-33), which
is a functional ligand with extensive expression in different tissues (e.g., epithelial cells,
endothelial cells, fibroblasts) [45].

Even if cardiac tissue is considered to be a major expression site, several studies pro-
vided evidence that the human myocardium is not the sole source of sST2, increased sST2
mRNA expression also being found in lungs, followed by kidneys, small intestine and brain,
with very interesting variations concerning gene transcription between in vivo tissues and
in vitro cell cultures [46,47]. Whereas sST2 expression in kidneys was significant in vivo, it
was virtually absent in kidney-derived cell cultures. Concerning the specific tissue origin
of this molecule, the highest in vitro sST2 mRNA expression was observed in cells derived
from lung, with highest sST2 concentration being observed in supernatant containing lung
alveolar epithelial cells, lung bronchus epithelial cells, and cardiac myocytes [47].

In order to confirm the intimate cardiopulmonary interconnection regarding sST2
synthesis, Pascual Figal et al. performed an experimental model of HF and observed
that sST2 was upregulated in lungs and secreted by type Il pneumocytes in response to
myocardial strain. Moreover, in patients with cardiogenic pulmonary edema, soluble ST2
is present in high amounts in bronchial aspirates [48].

Specifically, IL-33 is secreted by cardiac fibroblasts in response to myocardial strain or
injury [43]. Several experimental studies have proven that the interaction between ST2L
and IL-33 promotes cardioprotective effects, by limiting myocardial fibrosis, inhibiting
cardiomyocyte hypertrophy, reducing apoptosis and upgrading the overall myocardial
function via activation of myeloid differentiation primary response gene 88 (MyD88),
interleukin-1 receptor-associated kinase (IRAK), extracellular signal-regulated kinase (ERK)
and nuclear factor-«B (NF-kB) signaling pathways [44,49].

Notably, Villacorta et al. observed that cardioprotection occurs exclusively through
IL-33 binding to the ST2L, the transmembrane receptor. By contrast, the soluble isoform
(sST2) is acting more like a decoy receptor, binding with high avidity to the IL-33 and
thus, competing with ST2L and inhibiting the above-mentioned cardioprotective signaling
generated by IL-33/ST2L interaction [44]. To make things more challenging, previous
studies highlighted that, under biomechanical overload, the ST2 gene is significantly
up-regulated in HF; subsequently, cardiac myocytes and fibroblasts steadily release in
circulation both ST2L and sST2, whose mutual ligand-IL-33- is also hypersecreted under
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mechanical strain [44,50]. Additional evidence suggest that knocking-out the ST2 gene or
administering high amounts of soluble ST2 to compete for IL-33 will induce a phenotype
similar to the one seen in BNP knock-out models, characterized by important myocyte
hypertrophy and interstitial cardiac fibrosis [51].

In Table 1 we summarized the data concerning some morphofunctional aspects of ST2
and their impact on cardiac function.

Table 1. ST2: two isoforms with opposite cardiovascular effects.

Isoform Site Ligand Cardiac Eeffect
Cell membrane . Ca rdloprotect{on ?Yﬁ .
(expressed in cardiomyocytes -limiting myocardial fibrosis
ST2L P O Y OCYTES, IL-33 -inhibiting cardiomyocyte
endothelial cells,
. hypertrophy
inflammatory cells) . .
-reducing apoptosis
Bloodstream . . .
. Cardiac dysfunction via
sST2 (soluble 1§0f0rm, detectable IL-33 inhibition of the above effects
in serum)

ST2L—suppression of tumorigenicity-2 ligand; sST2—suppression of tumorigenicity-2 soluble isoform.

In this context, in patients with acute/decompensated HF, imbalances of ST2/IL-33
system represent an important diagnostic and prognostic tool, thereby a thoughtful assess-
ment of sST2 seems a reasonable option.

7. ST2 in Heart Failure with Reduced Ejection Fraction: A Valuable Diagnosis and
Prognosis Biomarker?

Based on multiple previous observations and the assumed role of sST2 in the fibrotic
response to myocardial tissue injury, it is important to highlight that the release of sST2 by
cardiac fibroblasts and cardiomyocytes is closely related to two profibrotic conditions, very
common in HF with reduced ejection fraction (HFrEF): biomechanical strain and elevated
Ang II [49,52]. The latter is causing myocardial hypertrophy and fibrosis by enhancing the
simultaneous activation of the transforming growth factor 3-1 and the connective tissue
growth factor via cell signaling, thus leading to an increased synthesis of collagen and
other several matrix proteins.

Patients with new-onset dyspnea may represent the starting point for sST2's diagnosis
value assessment in HFrEF. Theoretically, a poor ventricular contractility and/or compli-
ance will consequently increase the myocardial stretch, thus providing a stimulus for both
dyspnea and sST2 release. However, connection between an increased serum level of sST2
and systolic dysfunction is marked by controversy in literature data. Evidence supporting
this hypothesis is based on the research conducted by Shah et al. who identified a clear
association between elevated sST2 and impaired biventricular systolic function (assessed as
diminished left ventricle LV ejection fraction and abnormal RV fractional area change) [53].
The same authors also noticed other structural echocardiographic abnormalities commonly
found in HFrEF, an increased sST2 concentration being significantly correlated with higher
LV end-systolic area and volume. Moreover, Tseng et al. found that patients with HF in
NYHA IV functional class present an elevated sST2 compared to those in NYHA II/III, but
the serum levels could significantly decrease after the improvement of ejection fraction
consecutive to a left ventricular assist device implantation [54].

Although other studies actually indicate that there is no clear association between an
elevated sST2 and an impaired systolic function [52,55], they also mentioned the importance
of the sST2 in risk stratification of patients with HEF, as well as its additive value to NT-
proBNP in diagnosing acute HF, both with reduced or preserved ejection fraction.

Data from the Pro-Brain Natriuretic Peptide Investigation of Dyspnea in the Emer-
gency Department (PRIDE) study also highlighted the diagnosis and prognosis value
of sST2 in HFrEF, its serum levels being significantly higher in patients with acute HF
compared to patients without HF (0.50 vs. 0.15 ng/mL, p < 0.001), and in deceased pa-
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tients compared to survivors (1.08 vs. 0.18 ng/mL) [56]. Furthermore, the sST2 was also
associated with NYHA functional class, LV ejection fraction (LVEF) and BNP/NT-proBNP
levels; unlike natriuretic peptides, sST2 was not correlated with age, body mass index,
atrial fibrillation or the etiology of HF [44,56]. Additionally, sST2 is presumably a better
diagnosis tool in patients with HF and concomitant kidney disease, because the value of
ST2 was not affected by renal function, as opposed to NT-proBNP [57].

Data collected from several studies confirm that sST2 is a strong predictor of mortality
or HF rehospitalization during follow up, irrespective of other traditional clinical (e.g.,
NYHA class), biochemical (e.g., natriuretic peptides), or echocardiographic (e.g., ejection
fraction) risk markers [44,52,56,58,59]. Another very recent study showed that elevated
sST2 levels were superior to NT-proBNP in predicting in-hospital death (95% CI 3.55-16.26,
p <0.001 vs. 95% CI 1.10-3.72, p = 0.037), while another “classic”, widely-used biomarker-
hs-cTnl- was not significantly associated with the in-hospital mortality (95% CI 0.28-2.42,
p = 0.114) [60]. Under these circumstances, we consider that a multimarker test consisting
of natriuretic peptides and sST2 determination will provide incremental diagnostic and
prognostic values in patients with HF (Table 2).

Table 2. Synergic effect of sST2 and NT-proBNP in the assessment of one-year mortality rates (%) in
patients with heart failure (HF) (adapted from Rehman et al.) [61].

sST2 | sST2 1
NT-proBNP | 10% 40%
NT-proBNP 1 28% 56%

NT-proBNP—N-terminal prohormone of brain natriuretic peptide.

8. sST2 and HF with Preserved Ejection Fraction: It's Not Everything about
Systolic Function

HF with preserved ejection fraction (HFpEF) is characterized by a quasinormal systolic
function (LVEF >50%) and concerns specific categories of patients: hypertensive, obese,
elderly, women etc. Some authors invoked the presence of a direct relationship between
HfpEF and proinflammatory comorbidities, like diabetes, atrial fibrillation or pulmonary
hypertension [49].

It is already proven that ST2 is involved in inflammatory and immune processes, with
a major role in regulating mast cells and type 2 CD4 T-helper cells, with a consecutive
enhanced production of Th2-related cytokines [43]. Other experimental research demon-
strated that overexpression of IL-1f3, a proinflammatory cytokine, induces ST2 mRNA,
especially post-myocardial infarction [50]. The concept of a “bridge” biomarker, suggestive
for both increased inflammatory state and HFpEF is furtherly supported by Villacorta et al.
who found a correlation between C-reactive protein and sST2 serum level in patients
admitted for HF [44].

Regarding clinical status at admission, dyspnea is the most common symptom in
patients with HFpEF and represents a marker of congestion, mainly due to increased LV
filling pressures, the correlation between elevated sST2 and increased risk of mortality in
dyspneic patients being confirmed in several studies [59,62].

Many hypertensive patients meet the criteria for HFpEF, with LV hypertrophy due
to poorly controlled long-term hypertension being one of the most common structural
findings. Lotierzo et al. reviewed multiple studies and found that increased levels of
sST2 are clearly associated with elevated blood pressure, both in patients with or without
HFpEEF [58].

Diastolic dysfunction and left atrial enlargement represent another significant feature
commonly found in HFpEF. Najjar et al. revealed that increased left atrial volumes are
correlated with higher serum sST2, a finding inconsistent with previous research that
infirmed such an association [52,53]. There is also room for debate concerning LV filling
pressures, expressed as E/e’. While some authors claimed that sST2 is significantly higher
in patients with E/e’ > 8 [55,63], other studies failed to demonstrate this aspect [52,62].
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Another interesting echocardiographic aspect was revealed by Fabiani et al., who
observed a LV systolic dysfunction (assessed as global longitudinal strain) in patients with
HFpEF [64].

The prognostic value of sST2 appears to be valid for patients with HFpEF as well as for
those with HFrEF, the internationally recognized cut-off level for sST2 being established at
35 ng/mL [44,56]. This cut-off value is based on numerous studies concerning the outcome
of patients with HE. For instance, baseline sST2 <35 ng/mL was associated with better
prognosis, expressed as a longer time span until the occurrence of a cardiovascular event
(HR 0.30, 95% CI 0.14 to 0.63, p = 0.002). Similarly, a switch of sST2 values from <35 to
>35 ng/mL was suggestive for a shorter interval until a cardiovascular event occurred
(HR 3.64, 95% CI1.37 to 9.67, p = 0.009) [44].

In this context, cardiac biomarkers that assess inflammation-related modifications in
collagen or other profibrotic molecules could be used for early detection of HFpEF and for
an improved therapeutic approach. Thus, progressive changes during seriated sST2 assess-
ments may detect the earliest transition from only structural, subclinical myocardial injury
to HFpEF. Elevated sST2 levels reflect cardiac remodeling and progression of fibrogenesis
in myocardial tissue, these alterations being associated with LV diastolic disfunction and
other mechanical changes, particularly of the left atrium [58].

Even if the lower absolute values of sST2 in HFpEF compared to HFrEF may suggest
only a mild fibrogenesis, the stronger association with poor outcome in patients with
HFpEF actually highlights the major prognostic importance of this biomarker, both at first
medical contact and in successive follow-ups [52]. Noteworthy, sST2 is associated not only
with cardiovascular events or death, but is also a strong predictor for all-cause mortality or
rehospitalization in patients with HF, irrespective of ejection fraction [53,56].

An interesting viewpoint is to perform seriated determinations in order to guide
therapy adjustments. Recent results claim that the essential principle is to have a baseline
sST2 value at admission, and then another one in the following four to six days, which will
be decisive whether to initiate a more aggressive therapy according to the sST2 cut-off of
35ng/mL [58].

Another concept focuses on a “high-risk” cut-off value of 70 ng/mL, which is allegedly
a better option in distinguishing dyspneic patients with more severe acute HE. Moreover,
this category of patients should be immediately hospitalized, with the prompt initiation of
more aggressive anti-remodeling therapies in the context of a significant activation of the
neurohormonal and fibrotic pathways. In Figure 1 there is a proposed algorithm for the
management of patients presenting in emergency room with dyspnea or other acute HF
manifestations (e.g., swollen ankles), depending on their sST2 levels [65].

Dyspneic
patient

with elevated NP

sST2=35-70 ng/mL

Acute HF highly unlikely Acute HF fairly common Acute HF fairly common
- Search for other causes - Associated with - Associated with severe HF and
of dyspnea mild/moderate HF significant neurohormonal activation
- Admissionin cardiology - Diuretic therapy required - Anti-remodelling therapies (e.g.
clinic not necessary - Admissionin cardiology spironolactone) + diuretics required
clinic may be considered - Admissionin cardiology clinic is
necessary

Figure 1. The initial management of patients presenting in emergency room with dyspnea and
elevated natriuretic peptides (NP) (adapted from Aleksova et al.) [65]. HF—heart failure.
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9. ST2 in HF with Midrange Ejection Fraction (HFmrEF): Promising Perspectives

HFmrEF is a relatively new HF phenotype comprising the patients with a mildly re-
duced ejection fraction (LVEF = 40-49%). This borderline category of HF usually represents
a “grey area”, both in terms of diagnostic and prognostic assessment. Commonly used HF
biomarkers are making no exception from this paradigm due to scarce data in literature
and the relative reluctance of researchers to include these patients in clinical studies as a
separate entity.

Despite these limitations, a recent study revealed that sST2 has a higher sensitivity and
specificity for the diagnosis of HFmrEF, compared to NT-proBNP [66]. In line with previous
research that confirmed the sST2's predictive ability for adverse outcomes in both HFpEF
and HFrEF, Song et al. also found a correlation between sST2 and outcome in HFmrEF
patients [49]. Based on these observations, sST2 seems to be an attractive candidate for
a multimarker battery test (alongside NT-proBNP) in the diagnosis and follow-up of the
patients with HFmrEF.

10. Increased Filling Pressures: The Link between sST2 and Right Ventricular Failure

Taking into account the potential pluripotent effects of ST2, the ventricular interde-
pendence and poor prognosis of RV systolic dysfunction in patients with HF, it seems a
logical approach to correlate the sST2 levels not only with the LV markers of dysfunction,
but also with the RV specific parameters.

Shah et al. assessed 134 dyspneic patients, with or without decompensated HF and
found a statistically significant correlation between elevated sST2 and diminished right
ventricular fractional area change (p = 0.046), higher right ventricular systolic pressure
(p = 0.005), and right ventricular systolic dysfunction (p < 0.001) [53]. Similar findings were
observed by Ojji et al. [67], who assessed patients with hypertensive HF and found that
sST2 was significantly correlated with right ventricular systolic pressure, right ventricular
diastolic diameter and right atrial area, but not with tricuspid annular plane systolic
excursion. Previous reports highlighted the same connection between sST2 and right
ventricular systolic pressure in a cohort of patients with HF secondary to ischemic heart
disease and idiopathic dilated cardiomyopathy [53], thus confirming the sST2’s role in the
pathophysiological continuum between the left- and right-sided HF.

Regarding the RV failure induced by pulmonary arterial hypertension (PAH), Car-
lomagno et al. revealed that levels of sST2 were increased in patients with PAH and
correlated with RV dilatation and systolic dysfunction [68]. These results represented the
foundation on which other studies materialized and also reflected the disease severity in
idiopathic PAH, by confirming the association between sST2, cardiac index and pulmonary
vascular resistance [69].

In terms of clinical outcome, sST2 proved to be a reliable prognosis instrument in
patients with RV dysfunction due to PAH, the above-cut-off levels of this biomarker being
an independent predictor of clinical worsening. The incriminated mechanism is represented
by an impaired RV function that is causing high ventricular filling pressures and significant
transmural stress, thereby increasing myocardial strain and sST2 release [69].

11. ST2/IL-33 Axis Enhances Systemic Inflammation in COVID-19

Recent studies showed that high levels of serum sST2 were detected in COVID-19
patients without cardiovascular comorbidities, suggesting that elevated sST2 occurred
exclusively in the inflammatory context of SARS-CoV-2 infection [45]. The same authors
also indicated that sST2 was positively correlated with the level of serum CRP, but with a
better diagnostic value than it in highlighting the inflammatory status in COVID-19, with
the area under the curve (ROC analysis) in serum sST2 being 0.9896 [45].

One pathophysiological mechanism is possibly related to the marked upregulation
of IL-33 that was found in the bronchoalveolar lavage fluid of the patients infected with
SARS-CoV-2. The injury of alveolar epithelial cells due to viral infection promotes an
accelerated release of IL-33 that subsequently enhances TGF 3-mediated differentiation
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of regulatory T (Treg) cells. The IL-33 also stimulates CD11c+ myeloid dendritic cells to
secrete IL-2 that determines an increase in Treg cell population, thus contributing to the
resolution of inflammation [70,71]. According to Zizzo et al., mild cases of COVID-19
tend to have an increased number of Treg cells and a scavenger-like phenotype of alveolar
macrophages, suggesting a strong immune response that will lead to an adequate viral
clearance and tissue integrity restoration [71].

By contrast, in individuals with more severe forms of COVID-19 (e.g., presenting
pneumonia) IL-33 may paradoxically upregulate ST2 (its own receptor on Treg cells),
with an inhibitory effect on the suppressive functions of these lymphocytes [71]. Another
deleterious effect of ST2 gene over-expression is the dysregulation of Treg cells, which leads
to immune intolerance and an increased secretion of type-2 proinflammatory cytokines [72].
Zeng et al. found a negative correlation between the high levels of serum sST2 and the
decreased counts of CD4+ and CD8+ T cells in COVID-19 patients, additionally confirming
the T cell suppression in SARS-CoV-2 infection [45].

On a positive note, the ST2/IL-33 pathway could represent a potential therapeutic
target for controlling excessive pulmonary and systemic inflammation in patients with mod-
erate to severe forms of COVID-19, by using anti-ST2 antibodies such as astegolimab [71,73].
There are some promising preliminary results from ongoing phase 2 trials using anti-ST2
therapy for inflammatory lung diseases, thus raising hopes of reducing inflammation and
other inflammation-related injuries, not only in the lungs, but also in the cardiovascular
system [72].

12. sST2 and Its Role in Assessing the Patients with HF and Concomitant COVID-19

sST2, as an emerging biomarker for both HF and inflammation, could find its use-
fulness either in the initial presentation or in the long-term follow-ups of a large number
of patients with concomitant HF and COVID-19. This potential role as a dual cardio-
inflammatory biomarker is based on already mentioned multiple studies highlighting
a high prevalence of cardiovascular diseases among SARS-CoV-2 infected patients and
vice-versa, a significant risk for severe forms of COVID-19 among patients with preexisting
HF [11,13].

It is already known that cardiac biomarkers present a high prognostic value in the
assessment of COVID-19's severity, increased levels predicting significant mortality rates.
Equally important, the determination of sST2 in order to detect a subclinical myocardial
injury (fibrosis) in patients with HFpEF and COVID-19 could be of great importance in
the prompt initiation and even guidance of therapy. For instance, Gaggin et al. reported
that increasing values of sST2 might select the patients who can respond better to a higher
beta-blocker dosage. It was demonstrated that individuals with high baseline sST2 who
received only small doses of beta-blockers presented several cardiac events [74].

The right ventricle plays a central role in the hemodynamics of patients with COVID-19,
and RV dysfunction should be considered an independent predictor for mortality. RV fail-
ure is usually associated with the development of acute respiratory distress syndrome
(ARDS), a process related to increased PVR induced by vasoactive mediators, vascular
remodeling, hypoxic pulmonary vasoconstriction, intravascular thrombosis or extrinsic
vascular compression from atelectasis, interstitial edema or pleural effusion [75]. This
sudden increase in afterload not only compromises RV function, but also represents a
trigger for the release of sST2, due to mechanical strain.

Another connection between RV failure and COVID-19 is represented by the increased
incidence of pulmonary embolism (PE) in this category of patients. Some studies reported
that PE was diagnosed in as much as 18.8-23% of patients positive for SARS-CoV-2 who
underwent a computed tomography [76,77]. In this context, a more accessible and widely
available detection method for RV dysfunction is paramount, drawing attention to the
early assessment of sST2 in order to detect subclinical myocardial injury.

One modern therapeutic approach in patients with severe HF is represented by cardiac
resynchronization therapy (CRT) that may reverse LV remodeling, alleviate symptoms
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and decrease mortality. However, pulmonary hypertension (PH) and progressive RV
dysfunction represent well-established negative prognostic factors in patients undergoing
CRT [78]. Beaudoin et al. demonstrated the relationship between the steady increase
in baseline median sST2 levels and PH severity (expressed by right ventricular systolic
pressure) and revealed that sST2 increases were associated with CRT nonresponse [79].
Another interesting finding from the same study shows that sST2 changes at six months in
those with no PH, persistent PH, progressive PH presented a constant increase (3-8 ng/mL)
while the patients with regressing PH had a reduction in sST2 levels of 15 ng/mlL, these
changes being statistically significant (p = 0.03) [79]. Therefore, in the light of the increasing
use of these implantable therapies and the growing incidence of COVID-19, we consider
that a close follow-up is recommended for patients with CRT and a confirmed SARS-CoV-2
infection, some of the highest reported concentrations of sST2 being recorded in patients
with severe pulmonary inflammation [80].

The direct cytotoxic effects mediated by ACE2 (previously discussed in this paper) can
determine myocardial injury with subsequent onset of HF, either de novo or an exacerbation
of a chronic HF [28]. The sST2 qualities in the diagnosis and risk stratification of HF
make it a good candidate for common clinical use, especially since its serum values are
not influenced by age, gender, body mass index, or renal function, as opposed to NT-
proBNP [44].

Even if SARS-CoV-2 infection is involved in microvascular ischemia, due to hypox-
emia and/or coronary microthrombi, the real dimension of its influence on macrovascular
diseases is still unclear. One hypothesis refers to the great influx of circulatory cytokines
in the coronary arteries during an acute systemic infection, as seen in COVID-19. These
cytokines activate inflammatory cells from within atherosclerotic plaque with a further
upregulation of the inflammatory process which leads to plaque destabilization and subse-
quent occlusion [75].

A less common mechanism for myocardial infarction in COVID-19 was reported to be
in situ thrombosis, with the subsequent stenosis of major coronary branches, possibly in
the context of hypercoagulant status induced by viral infection [75].

Measurement of serum sST2 levels in patients with COVID-19 and ischemic HF due to
myocardial infarction could provide additional data concerning the extension and recovery
potential of the necrotic area. In a previous study, Weir et al. highlighted that sST2 levels
present an early elevation after myocardial infarction and are correlated with LVEF and
serial changes of the LV end-diastolic volume. More important, sST2 was significantly
increased in transmural infarctions and it was also positively associated with aldosterone
or noradrenaline levels, but not with the NT-proBNP’s [81].

Some latest research also claim that patients with a history of coronary artery disease
and suffering from ischemic HF are prone to plaque rupture during systemic inflammation
due to viral infections, thus highlighting that adherence to the specific anti-ischemic and
plaque stabilization therapies is essential in COVID-19 patients [9].

COVID-19 increases the risk of arrhythmias via a plethora of mechanisms, the most
incriminated being the direct viral myocardial injury and the ischemia due to imbalance
between increased cardiac metabolic demand and inadequate oxygen supply. Furthermore,
the vasoactive agents commonly used in critically-ill patients have proarrhythmogenic
side-effects, thus aggravating the overall prognosis. Seriated sST2 measurements may help
in detecting the patients at risk of developing severe arrhythmias, an aspect previously
suggested in many recent studies [43,82] that found a significant correlation between an
elevated sST2 and the presence of ventricular arrhythmias.

Last, but not least, antiviral drugs commonly used in patients with COVID-19 may
exert a detrimental effect on myocardial function, especially in patients with preexist-
ing HF, making cardiotoxicity assessment mandatory before initiating any new therapy.
Tocilizumab, very effective in treating cytokine storm, can lead to high blood pressure,
while hydroxychloroquine may present an arrhythmogenic risk, especially in combination
with azithromycin, because of their QTc prolongation effect with the subsequent risk for
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torsade de pointes [83]. Moreover, hydroxychloroquine and ritonavir may also impair
the clearance of digoxin, a common medication among patients with HF, thus leading to
different types of life-threatening arrhythmias [7].

13. Summary and Conclusions

In this paper we tried to summarize the multiple pathophysiological pathways in
which ST2 is involved, many of them still being poorly understood. The uniqueness of
ST2 is represented by the specific manner in which this molecule acts, strictly related to
its structural conformation. Thus, the ST2 molecule exerts cardioprotective properties via
the binding of IL-33 to its transmembrane isoform- ST2L, while the soluble isoform, sST2,
acts more like a decoy receptor for IL-33, seriously limiting the cardioprotective effects of
ST2L/IL-33 axis.

The vast majority of the studies in the literature highlighted the quality of sST2 as
an independent prognosis factor in many subtypes of HF, regardless of EF or its acute or
chronic character. Moreover, an increased level of sST2 proved to be highly suggestive of
RV failure, being associated with certain prevalent structural and functional echocardio-
graphic abnormalities.

Another important advantage compared to other classic biomarkers is determined
by sST2's superior independence from certain constitutional aspects (e.g., age, sex) or
prevalent comorbidities in patients with HF (e.g., kidney injury, obesity).

Other cited studies underline the great potential of sST2 in the early detection of
subclinical fibrosis, which is a very common aspect among patients presenting certain HF
phenotypes, like HFmrEF or HFpEFE.

In the context of COVID-19 pandemic, research was also focused on certain biomarkers
that could indicate the magnitude of inflammatory process and assess the systemic burden
induced by SARS-CoV-2. Many studies reported that serum sST2 levels are significantly
higher in patients with COVID-19, being also positively correlated with both inflammatory
markers and decreased immune response to viral aggression.

Finally, taken into consideration the increased prevalence of HF in patients with
COVID-19 and vice-versa, we consider sST2 a promising biomarker to optimize not only
the initial approach, but especially monitoring during the treatment of these complex
pathologies. Dynamic surveillance of serum sST2 could be useful in the initial screening of
inflammatory status in SARS-CoV-2 positive, but asymptomatic patients. Also, consider-
ing that COVID-19 may lead to HF exacerbations and other cardiovascular detrimental
effects due to cytokine storm, seriated sST2 measurements during hospitalization could
be performed in order to anticipate severe evolution and to personalize the therapeutic
approach in each patient. An increase of sST2 could be highly suggestive for the initiation
of more aggressive medication, with both cardiovascular and anti-inflammatory agents.

However, these initial promising results need to be furtherly ascertained with data
collected from large-scale, prospective studies that will strictly include patients with
concomitant COVID-19 and HE.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest

1. Vaduganathan, M.; Vardeny, O.; Michel, T.; McMurray, ].].V.; Pfeffer, M.A.; Solomon, S.D. Renin-angiotensin—aldosterone system
inhibitors in patients with Covid-19. N. Engl. |. Med. 2020, 382, 1653-1659. [CrossRef]

2. Oudit, G.Y;; Kassiri, Z.; Jiang, C.; Liu, PP,; Poutanen, S.M.; Penninger, ] M.; Butany, J. SARS-coronavirus modulation of myocardial
ACE2 expression and inflammation in patients with SARS. Eur. J. Clin. Investig. 2009, 39, 618-625. [CrossRef]


http://doi.org/10.1056/NEJMsr2005760
http://doi.org/10.1111/j.1365-2362.2009.02153.x

Diagnostics 2021, 11, 175 13 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Lindner, D.; Fitzek, A.; Brauninger, H.; Aleshcheva, G.; Edler, C.; Meissner, K.; Scherschel, K.; Kirchhof, P.; Escher, F.; Schultheiss,
H.P; et al. Association of cardiac infection with SARS-CoV-2 in confirmed COVID-19 autopsy cases. JAMA Cardiol. 2020, 5,
1281-1285. [CrossRef]

Bulfamante, G.P.; Perrucci, G.L.; Falleni, M.; Sommariva, E.; Tosi, D.; Martinelli, C.; Songia, P.; Poggio, P.; Carugo, S.; Pompilio,
G. Evidence of SARS-CoV-2 transcriptional activity in cardiomyocytes of COVID-19 patients without clinical signs of cardiac
involvement. medRxiv 2020.

Santos, R.A.S.; Sampaio, W.O.; Alzamora, A.C.; Motta-Santos, D.; Alenina, N.; Bader, M.; Campagnole-Santos, M.]. The
ACE2/angiotensin-(1-7) /MAS axis of the renin-angiotensin system: focus on angiotensin-(1-7). Physiol. Rev. 2018, 98, 505-553.
[CrossRef]

Verdecchia, P; Cavallini, C.; Spanevello, A.; Angeli, F. The pivotal link between ACE2 deficiency and SARS-CoV-2 infection. Eur.
J. Intern. Med. 2020, 76, 14-20. [CrossRef]

Sisti, N.; Valente, S.; Mandoli, G.E.; Santoro, C.; Sciaccaluga, C.; Franchi, F.; Cameli, P.; Mondillo, S.; Cameli, M. COVID-19 in
patients with heart failure: the new and the old epidemic. Postgrad. Med. ]. 2020, 138080.

Li, B; Yang, J.; Zhao, F; Zhi, L.; Wang, X,; Liu, L.; Bi, Z.; Zhao, Y. Prevalence and impact of cardiovascular metabolic diseases on
COVID-19 in China. Clin. Res. Cardiol. 2020, 109, 531-538. [CrossRef]

Xiong, T.-Y.; Redwood, S.R.; Prendergast, B.D.; Chen, M. Coronaviruses and the cardiovascular system: acute and long-term
implications. Eur. Heart . 2020, 41, 1798-1800. [CrossRef]

Yang, J.; Zheng, Y.; Gou, X.; Pu, K,; Chen, Z.; Guo, Q.; Ji, R.; Wang, H.; Wang, Y.; Zhou, Y. Prevalence of comorbidities in the novel
Wuhan coronavirus (COVID-19) infection: A systematic review and meta-analysis. Int. ]. Infect. Dis. 2020, 94, 91-95. [CrossRef]
Aboughdir, M.; Kirwin, T.; Khader, A.A.; Wang, B. Prognostic Value of Cardiovascular Biomarkers in COVID-19: A Review.
Viruses 2020, 12, 527. [CrossRef]

Clerkin, K.J.; Fried, ].A.; Raikhelkar, J.; Sayer, G.; Griffin, ].M.; Masoumi, A.; Jain, S.S.; Burkhoff, D.; Kumaraiah, D.; Rabbani, L.;
et al. COVID-19 and Cardiovascular Disease. Circulation 2020, 141, 1648-1655. [CrossRef]

Guo, T.; Fan, Y,; Chen, M.; Wu, X; Zhang, L.; He, T.; Wang, H.; Wan, J.; Wang, X.; Lu, Z. Cardiovascular Implications of Fatal
Outcomes of Patients with Coronavirus Disease 2019 (COVID-19). JAMA Cardiol. 2020, 5, 811-818. [CrossRef]

Zhou, E; Yu, T.; Du, R; Fan, G,; Liu, Y.; Liu, Z,; Xiang, ]J.; Wang, Y.; Song, B.; Gu, X,; et al. Clinical course and risk factors
for mortality of adult inpatients with COVID-19 in Wuhan, China: a retrospective cohort study. Lancet 2020, 395, 1054-1062.
[CrossRef]

Rey, J.R.; Caro-Codon, J.; Rosillo, S.0.; Iniesta, AM,; Castrejon-Castrejon, S.; Marco-Clement, I.; Martin-Polo, L.; Merino-Argos,
C.; Rodriguez-Sotelo, L.; Garcia-Veas, ].M.; et al. Heart failure in COVID-19 patients: prevalence, incidence and prognostic
implications. Eur. |. Heart Fail. 2020. [CrossRef]

Mehra, M.R;; Desai, S.S.; Kuy, S.; Henry, T.D.; Patel, A.N. Cardiovascular disease, drug therapy, and mortality in Covid-19. N.
Engl. J. Med. 2020, 382, €102. [CrossRef] [PubMed]

Kytomaa, S.; Hegde, S.; Claggett, B.; Udell, ].A.; Rosamond, W.; Temte, ].; Nichol, K.; Wright, ].D.; Solomon, S.D.; Vardeny, O.
Association of influenza-like illness activity with hospitalizations for heart failure: the atherosclerosis risk in communities study.
JAMA Cardiol. 2019, 4, 363-369. [CrossRef]

Bader, F.; Manla, Y.; Atallah, B.; Starling, R.C. Heart failure and COVID-19. Heart Fail. Rev. 2021, 26, 1-10. [CrossRef]

Mehta, P.; McAuley, D.E; Brown, M.; Sanchez, E.; Tattersall, R.S.; Manson, J.J.; HLH Across Speciality Collaboration UK.
Correspondence COVID-19: Consider cytokine storm syndromes and immunosuppression. Lancet 2020, 6736, 19-20.

Miftode, E.; Luca, C.; Manciuc, C.; Vata, A.; Hunea, L.; Miftode, L.; Badescu, A.; Dorneanu, O. Covid-19: A course through stormy
waters. Med. Surg. J. Rev. Med. Chir. Soc. Med. Nat. Iagi 2020, 124, 351-362.

Song, Y.; Gao, P; Ran, T.; Qian, H.; Guo, E; Chang, L.; Wu, W.; Zhang, S. High Inflammatory Burden: A Potential Cause of
Myocardial Injury in Critically Il Patients With COVID-19. Front. Cardiovasc. Med. 2020, 7, 128. [CrossRef]

Miesbach, W.; Makris, M. COVID-19: Coagulopathy, Risk of Thrombosis, and the Rationale for Anticoagulation. Clin. Appl.
Thromb. 2020, 26. [CrossRef]

Paranjpe, I.; Mann, D.L.; Lala, A.; Russak, A J.; Glicksberg, B.S.; Levin, M.A.; Charney, A.W.; Narula, ].; Fayad, Z.A.; Bagiella, E.;
et al. Association of Treatment Dose Anticoagulation with In-Hospital Survival Among Hospitalized Patients With COVID-19. .
Am. Coll. Cardiol. 2020, 76, 122-124. [CrossRef]

Ruan, Q.; Yang, K.; Wang, W.; Jiang, L.; Song, ]. Clinical predictors of mortality due to COVID-19 based on an analysis of data of
150 patients from Wuhan, China. Intensiv. Care Med. 2020, 46, 846-848. [CrossRef]

Deng, Q.; Hu, B.; Zhang, Y.; Wang, H.; Zhou, X.; Hu, W.; Cheng, Y.; Yan, ].; Ping, H.; Zhou, Q. Suspected myocardial injury
in patients with COVID-19: Evidence from front-line clinical observation in Wuhan, China. Int. J. Cardiol. 2020, 311, 116-121.
[CrossRef] [PubMed]

Liu, K,; Fang, Y.-Y.; Deng, Y.; Liu, W.; Wang, M.-E; Ma, J.-P,; Xiao, W.; Wang, Y.-N.; Zhong, M.-H.; Li, C.-H.; et al. Clinical
characteristics of novel coronavirus cases in tertiary hospitals in Hubei Province. Chin. Med. J. 2020, 133, 1025-1031. [CrossRef]
[PubMed]

Wang, D.; Hu, B.; Hu, C.; Zhu, F; Liu, X.; Zhang, J.; Wang, B.; Xiang, H.; Cheng, Z.; Xiong, Y.; et al. Clinical Characteristics of
138 Hospitalized Patients With 2019 Novel Coronavirus-Infected Pneumonia in Wuhan, China. JAMA 2020, 323, 1061-1069.
[CrossRef] [PubMed]


http://doi.org/10.1001/jamacardio.2020.3551
http://doi.org/10.1152/physrev.00023.2016
http://doi.org/10.1016/j.ejim.2020.04.037
http://doi.org/10.1007/s00392-020-01626-9
http://doi.org/10.1093/eurheartj/ehaa231
http://doi.org/10.1016/j.ijid.2020.03.017
http://doi.org/10.3390/v12050527
http://doi.org/10.1161/CIRCULATIONAHA.120.046941
http://doi.org/10.1001/jamacardio.2020.1017
http://doi.org/10.1016/S0140-6736(20)30566-3
http://doi.org/10.1002/ejhf.1990
http://doi.org/10.1056/NEJMoa2007621
http://www.ncbi.nlm.nih.gov/pubmed/32356626
http://doi.org/10.1001/jamacardio.2019.0549
http://doi.org/10.1007/s10741-020-10008-2
http://doi.org/10.3389/fcvm.2020.00128
http://doi.org/10.1177/1076029620938149
http://doi.org/10.1016/j.jacc.2020.05.001
http://doi.org/10.1007/s00134-020-05991-x
http://doi.org/10.1016/j.ijcard.2020.03.087
http://www.ncbi.nlm.nih.gov/pubmed/32291207
http://doi.org/10.1097/CM9.0000000000000744
http://www.ncbi.nlm.nih.gov/pubmed/32044814
http://doi.org/10.1001/jama.2020.1585
http://www.ncbi.nlm.nih.gov/pubmed/32031570

Diagnostics 2021, 11, 175 14 of 16

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Chen, L.; Li, X.; Chen, M.; Feng, Y.; Xiong, C. The ACE2 expression in human heart indicates new potential mechanism of heart
injury among patients infected with SARS-CoV-2. Cardiovasc. Res. 2020, 116, 1097-1100. [CrossRef]

Siripanthong, B.; Nazarian, S.; Muser, D.; Deo, R.; Santangeli, P.; Khanji, M.Y.; Cooper, L.T.; Chahal, C.A.A. Recognizing COVID-
19-related myocarditis: The possible pathophysiology and proposed guideline for diagnosis and management. Heart Rhythm.
2020, 17, 1463-1471. [CrossRef] [PubMed]

Salah, H.M.; Mehta, ].L. Takotsubo cardiomyopathy and COVID-19 infection. Eur. Heart ]. Cardiovasc. Imaging 2020, 21, 1299-1300.
[CrossRef]

Chun, S.; Tu, J.V.; Wijeysundera, H.C.; Austin, P.C.; Wang, X.; Levy, D.; Lee, D.S. Lifetime Analysis of Hospitalizations and
Survival of Patients Newly Admitted with Heart Failure. Circ. Heart Fail. 2012, 5, 414-421. [CrossRef] [PubMed]

Han, H.; Xie, L.; Liu, R.; Yang, J.; Liu, F; Wu, K; Chen, L.; Hou, W,; Feng, Y.; Cheng, X. Analysis of heart injury laboratory
parameters in 273 COVID-19 patients in one hospital in Wuhan, China. . Med. Virol. 2020, 92, 819-823. [CrossRef] [PubMed]
Gohar, A.; Chong, ].P,; Liew, O.W.; Ruijter, H.D.; De Kleijn, D.P,; Sim, D.; Yeo, D.P.; Ong, H.Y.; Jaufeerally, F.; Leong, G.K; et al.
The prognostic value of highly sensitive cardiac troponin assays for adverse events in men and women with stable heart failure
and a preserved vs. reduced ejection fraction. Eur. J. Heart Fail. 2017, 19, 1638-1647. [CrossRef] [PubMed]

Shi, S.; Qin, M,; Shen, B.; Cai, Y.; Liu, T.; Yang, F.; Gong, W.; Liu, X.; Liang, J.; Zhao, Q.; et al. Association of Cardiac Injury With
Mortality in Hospitalized Patients With COVID-19 in Wuhan, China. JAMA Cardiol. 2020, 5, 802. [CrossRef]

Vestjens, S.M.T.; Spoorenberg, S.M.; Rijkers, G.T.; Grutters, ].C.; Berg, ] M.T.; Noordzij, P.G.; Van De Garde, EM.; Bos, W.J.W.,;
The Ovidius Study Group. High-sensitivity cardiac troponin T predicts mortality after hospitalization for community-acquired
pneumonia. Respirology 2017, 22, 1000-1006. [CrossRef]

Bessiere, F; Khenifer, S.; Dubourg, J.; Durieu, I.; Lega, ].-C. Prognostic value of troponins in sepsis: a meta-analysis. Intensiv. Care
Med. 2013, 39, 1181-1189. [CrossRef]

Metkus, T.; Guallar, E.; Sokoll, L.; Morrow, D.; Tomaselli, G.; Brower, R.; Schulman, S.; Korley, FK. Prevalence and Prognostic
Association of Circulating Troponin in the Acute Respiratory Distress Syndrome. Crit. Care Med. 2017, 45, 1709-1717. [CrossRef]
Bajwa, E.K.; Boyce, P.D.; Januzzi, ].L.; Gong, M.N.; Thompson, B.T.; Christiani, D.C. Biomarker evidence of myocardial cell injury
is associated with mortality in acute respiratory distress syndrome. Crit. Care Med. 2007, 35, 2484-2490. [CrossRef]

Pranata, R.; Huang, I.; Lukito, A.A.; Raharjo, S.B. Elevated N-terminal pro-brain natriuretic peptide is associated with increased
mortality in patients with COVID-19: systematic review and meta-analysis. Postgrad. Med. ]. 2020, 96, 387-391. [CrossRef]
Lange, J.; Marczak, H.; Krenke, K.; Peradzyriska, J. NT pro-NB as a marker of the pneumonia severity in children. Paediatr. Respir.
Infect. Immun. 2019, 54. [CrossRef]

Lin, S.-C.; Tsai, Y.-J.; Huang, C.-T.; Kuo, Y.-W.; Ruan, S.-Y; Yu, C. Prognostic value of plasma N-terminal pro B-type natriuretic
peptide levels in pneumonia patients requiring intensive care unit admission. Respirology 2013, 18, 933-941. [CrossRef] [PubMed]
Takase, H.; Dohi, Y. Kidney function crucially affects B-type natriuretic peptide (BNP), N-terminal proBNP and their relationship.
Eur. J. Clin. Investig. 2014, 44, 303-308. [CrossRef] [PubMed]

Pascual-Figal, D.A ; Januzzi, J.L. The Biology of ST2: The International ST2 Consensus Panel. Am. J. Cardiol. 2015, 115, 3B-7B.
[CrossRef] [PubMed]

Villacorta, H..; Maisel, A.S. Soluble st2 testing: a promising biomarker in the management of heart failure. Arg. Bras Cardiol. 2016,
106, 145-152. [CrossRef]

Zeng, Z.; Hong, X.-Y.; Zhou, H.; Liao, F-L.; Guo, S.; Li, Y.; Chen, W.; Yang, G.; Ye, G.; Li, Y,; et al. Serum Soluble ST2 as a Novel
Biomarker Reflecting Inflammatory Status and Disease Severity in Patients with COVID-19. SSRN Electron. |. 2020. [CrossRef]
Bartunek, J.; Delrue, L.; Van Durme, F.; Muller, O.; Casselman, F.; De Wiest, B.; Croes, R.; Verstreken, S.; Goethals, M.; De Raedt,
H.; et al. Nonmyocardial Production of ST2 Protein in Human Hypertrophy and Failure Is Related to Diastolic Load. J. Am. Coll.
Cardiol. 2008, 52, 2166-2174. [CrossRef]

Mildner, M.; Storka, A.; Lichtenauer, M.; Mlitz, V.; Ghannadan, M.; Hoetzenecker, K.; Nickl, S.; Dome, B.; Tschachler, E.; Ankersmit,
H.J. Primary sources and immunological prerequisites for sST2 secretion in humans. Cardiovasc. Res. 2010, 87, 769-777. [CrossRef]
Pascual-Figal, D.A.; Pérez-Martinez, M.T.; Asensio-Lopez, M.C.; Sanchez-Ma4s, ].; Garcia-Garcia, M.E.; Martinez, C.M.; Lencina,
M.,; Jara, R;; Jr,].L.].; Lax, A. Pulmonary Production of Soluble ST2 in Heart Failure. Circ. Heart Fail. 2018, 11, e005488. [CrossRef]
Song, Y.; Li, F; Xu, Y,; Liu, Y,; Wang, Y,; Han, X,; Fan, Y.; Cao, J.; Luo, J.; Sun, A.; et al. Prognostic value of sST2 in patients with
heart failure with reduced, mid-range and preserved ejection fraction. Int. J. Cardiol. 2020, 304, 95-100. [CrossRef]

Weinberg, E.O.; Shimpo, M.; De Keulenaer, G.W.; MacGillivray, C.; Tominaga, S.-I.; Solomon, S.D.; Rouleau, ].-L.; Lee, R.T.
Expression and regulation of ST2, an interleukin-1 receptor family member, in cardiomyocytes and myocardial infarction.
Circulation 2002, 106, 2961-2966. [CrossRef]

Sanada, S.; Hakuno, D.; Higgins, L.J.; Schreiter, E.R.; McKenzie, A.N.; Lee, R.T. IL-33 and ST2 comprise a critical biomechanically
induced and cardioprotective signaling system. J. Clin. Investig. 2007, 117, 1538-1549. [CrossRef]

Najjar, E.; Faxén, U.L.; Hage, C.; Donal, E.; Daubert, J.-C.; Linde, C.; Lund, L.H. ST2 in heart failure with preserved and reduced
ejection fraction. Scand. Cardiovasc. J. 2019, 53, 21-27. [CrossRef] [PubMed]

Shah, R.V.; Chen-Tournoux, A.A.; Picard, M.H.; Van Kimmenade, R.RJ.; Januzzi, ].L. Serum Levels of the Interleukin-1 Receptor
Family Member ST2, Cardiac Structure and Function, and Long-Term Mortality in Patients with Acute Dyspnea. Circ. Heart Fail.
2009, 2, 311-319. [CrossRef] [PubMed]


http://doi.org/10.1093/cvr/cvaa078
http://doi.org/10.1016/j.hrthm.2020.05.001
http://www.ncbi.nlm.nih.gov/pubmed/32387246
http://doi.org/10.1093/ehjci/jeaa236
http://doi.org/10.1161/CIRCHEARTFAILURE.111.964791
http://www.ncbi.nlm.nih.gov/pubmed/22556322
http://doi.org/10.1002/jmv.25809
http://www.ncbi.nlm.nih.gov/pubmed/32232979
http://doi.org/10.1002/ejhf.911
http://www.ncbi.nlm.nih.gov/pubmed/28849609
http://doi.org/10.1001/jamacardio.2020.0950
http://doi.org/10.1111/resp.12996
http://doi.org/10.1007/s00134-013-2902-3
http://doi.org/10.1097/CCM.0000000000002641
http://doi.org/10.1097/01.CCM.0000281852.36573.22
http://doi.org/10.1136/postgradmedj-2020-137884
http://doi.org/10.1183/13993003.congress-2019.pa994
http://doi.org/10.1111/resp.12096
http://www.ncbi.nlm.nih.gov/pubmed/23600467
http://doi.org/10.1111/eci.12234
http://www.ncbi.nlm.nih.gov/pubmed/24372567
http://doi.org/10.1016/j.amjcard.2015.01.034
http://www.ncbi.nlm.nih.gov/pubmed/25665766
http://doi.org/10.5935/abc.20150151
http://doi.org/10.2139/ssrn.3594550
http://doi.org/10.1016/j.jacc.2008.09.027
http://doi.org/10.1093/cvr/cvq104
http://doi.org/10.1161/CIRCHEARTFAILURE.118.005488
http://doi.org/10.1016/j.ijcard.2020.01.039
http://doi.org/10.1161/01.CIR.0000038705.69871.D9
http://doi.org/10.1172/JCI30634
http://doi.org/10.1080/14017431.2019.1583363
http://www.ncbi.nlm.nih.gov/pubmed/30776920
http://doi.org/10.1161/CIRCHEARTFAILURE.108.833707
http://www.ncbi.nlm.nih.gov/pubmed/19808354

Diagnostics 2021, 11, 175 15 of 16

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

Tseng, C.C.S.; Huibers, M.M.H.; Gaykema, L.H.; Koning, E.S.-D.; Ramjankhan, EZ.; Maisel, A.S.; De Jonge, N. Soluble ST2 in
end-stage heart failure, before and after support with a left ventricular assist device. Eur. . Clin. Investig. 2018, 48, e12886.
[CrossRef] [PubMed]

Xanthakis, V.; Larson, M.G.; Wollert, K.C.; Aragam, J.; Cheng, S.; Ho, ].E.; Coglianese, E.; Levy, D.; Colucci, W.S.; Felker, G.M.;
et al. Association of Novel Biomarkers of Cardiovascular Stress with Left Ventricular Hypertrophy and Dysfunction: Implications
for Screening. J. Am. Heart Assoc. 2013, 2, €000399. [CrossRef]

Januzzi, J.L., Jr.; Peacock, W.E; Maisel, A.S.; Chae, C.U.; Jesse, R.L.; Baggish, A.L.; O’'Donoghue, M.; Sakhuja, R.; Chen, A.A;
van Kimmenade, R.R.; et al. Measurement of the interleukin family member ST2 in patients with acute dyspnea: results from the
PRIDE (Pro-Brain Natriuretic Peptide Investigation of Dyspnea in the Emergency Department) study. J. Am. Coll. Cardiol. 2007,
50, 607-613. [CrossRef]

Bayés-Genis, A.; Zamora, E.; De Antonio, M.; Galan, A ; Vila, J.; Urrutia, A.; Diez, C.; Coll, R.; Altimir, S.; Lupén, J. Soluble ST2
Serum Concentration and Renal Function in Heart Failure. J. Card. Fail. 2013, 19, 768-775. [CrossRef]

Lotierzo, M.; Dupuy, A.M,; Cristol, J.P.; Roubille, F; Cristol, J.P. sST2 as a value-added biomarker in heart failure. Clin. Chim. Acta
2020, 501, 120-130. [CrossRef]

Shah, K.B.; Kop, W.; Christenson, R.H.; Diercks, D.B.; Henderson, S.; Hanson, K.; Li, S.-Y.; Defilippi, C.R. Prognostic Utility of ST2
in Patients with Acute Dyspnea and Preserved Left Ventricular Ejection Fraction. Clin. Chem. 2011, 57, 874-882. [CrossRef]
Borovac, J.; Glavas, D.; Grabovac, Z.S.; Domic, D.S.; Stanisic, L.; D’Amario, D.; Kwok, C.S.; Bozi¢, J. Circulating sST2 and catestatin
levels in patients with acute worsening of heart failure: a report from the CATSTAT-HF study. ESC Heart Fail. 2020, 7, 2818-2828.
[CrossRef]

Rehman, S.U.; Mueller, T.; Januzzi, J.L. Characteristics of the Novel Interleukin Family Biomarker ST2 in Patients with Acute
Heart Failure. . Am. Coll. Cardiol. 2008, 52, 1458-1465. [CrossRef]

AbouEzzeddine, O.F.; McKie, PM.; Dunlay, S.M.; Stevens, S.R.; Felker, G.M.; Borlaug, B.A.; Chen, H.H.; Tracy, R.P.; Braunwald,
E.; Redfield, M.M. Suppression of tumorigenicity 2 in heart failure with preserved ejection fraction. J. Am. Heart Assoc. 2017, 6,
e004382. [CrossRef]

Wang, Y.-C.; Yu, C.-C.; Chiu, F-C.; Tsai, C.-T,; Lai, L.-P; Hwang, J.-].; Lin, J.-L. Soluble ST2 as a Biomarker for Detecting Stable
Heart Failure With a Normal Ejection Fraction in Hypertensive Patients. J. Card. Fail. 2013, 19, 163-168. [CrossRef]

Fabiani, I.; Conte, L.; Pugliese, N.R.; Calogero, E.; Barletta, V.; Di Stefano, R.; Santoni, T.; Scatena, C.; Bortolotti, U.; Naccarato,
A.G.; et al. The integrated value of sST2 and global longitudinal strain in the early stratification of patients with severe aortic
valve stenosis: A translational imaging approach. Int. |. Cardiovasc. Imaging 2017, 33, 1915-1920. [CrossRef]

Aleksova, A.; Paldino, A.; Beltrami, A.P,; Padoan, L.; Iacoviello, M.; Sinagra, G.; Emdin, M.; Maisel, A.S. Cardiac Biomarkers in
the Emergency Department: The Role of Soluble ST2 (sST2) in Acute Heart Failure and Acute Coronary Syndrome—There is
Meat on the Bone. J. Clin. Med. 2019, 8, 270. [CrossRef]

Pan, W.; Yang, D.; Yu, P; Yu, H. Comparison of predictive value of NT-proBNP, sST2 and MMPs in heart failure patients with
different ejection fractions. BMC Cardiovasc. Disord. 2020, 20, 1-11. [CrossRef]

Ojji, D.; Lecour, S.; Adeyemi, O.M.; Sliwa, K. Soluble ST2 correlates with some indicators of right ventricular function in
hypertensive heart failure. Vasc. Health Risk Manag. 2017, 13, 311-316. [CrossRef]

Carlomagno, G.; Messalli, G.; Melillo, R.M.; Stanziola, A.A.; Visciano, C.; Mercurio, V.; Imbriaco, M.; Ghio, S.; Sofia, M.; Bonaduce,
D.; et al. Serum soluble ST2 and interleukin-33 levels in patients with pulmonary arterial hypertension. Int. ]. Cardiol. 2013, 168,
1545-1547. [CrossRef]

Zheng, Y.-G.; Yang, T.; He, ].-G.; Chen, G,; Liu, J.; Xiong, C.; Gu, Q.; Ni, X.; Zhao, Z.-H. Plasma Soluble ST2 Levels Correlate
with Disease Severity and Predict Clinical Worsening in Patients With Pulmonary Arterial Hypertension. Clin. Cardiol. 2014, 37,
365-370. [CrossRef]

Matta, B.M.; Lott, ]. M.; Mathews, L.R.; Liu, Q.; Rosborough, B.R.; Blazar, B.R.; Turnquist, H.R. IL-33 Is an Unconventional Alarmin
That Stimulates IL-2 Secretion by Dendritic Cells to Selectively Expand IL-33R/ST2+ Regulatory T Cells. J. Immunol. 2014, 193,
4010-4020. [CrossRef]

Zizzo, G.; Cohen, P.L. Imperfect storm: is interleukin-33 the Achilles heel of COVID-19? Lancet Rheumatol. 2020, 2, €779-e790.
[CrossRef]

Chen, C.-C.; Kobayashi, T,; lijima, K.; Hsu, E-C.; Kita, H. IL-33 dysregulates regulatory T cells and impairs established
immunologic tolerance in the lungs. J. Allerqy Clin. Immunol. 2017, 140, 1351-1363.e7. [CrossRef] [PubMed]

Ravanetti, L.; Dijkhuis, A.; Dekker, T.; Pifieros, Y.S.S.; Ravi, A.; Dierdorp, B.S.; Erjefélt, ].S.; Mori, M.; Pavlidis, S.; Adcock, LM.;
et al. IL-33 drives influenza-induced asthma exacerbations by halting innate and adaptive antiviral immunity. J. Allergy Clin.
Immunol. 2019, 143, 1355-1370.e16. [CrossRef]

Gaggin, HK,; Motiwala, S.; Bhardwaj, A.; Parks, K.A.; Januzzi, J.L. Soluble Concentrations of the Interleukin Receptor Family
Member ST2 and (3-Blocker Therapy in Chronic Heart Failure. Circ. Heart Fail. 2013, 6, 1206-1213. [CrossRef] [PubMed]

Park, ].F,; Banerjee, S.; Umar, S. In the eye of the storm: The right ventricle in COVID-19. Pulm. Circ. 2020, 10. [CrossRef]
Watchmaker, ].M.; Goldman, D.T.; Lee, J.Y.; Choi, S.; Mills, A.C.; Toussie, D.; Finkelstein, M.; Sher, A.R.; Jacobi, A.H.; Bernheim,
AM.; et al. Increased Incidence of Acute Pulmonary Embolism in Emergency Department Patients During the COVID-19
Pandemic. Acad. Emerg. Med. 2020, 27, 1340-1343. [CrossRef]


http://doi.org/10.1111/eci.12886
http://www.ncbi.nlm.nih.gov/pubmed/29325227
http://doi.org/10.1161/JAHA.113.000399
http://doi.org/10.1016/j.jacc.2007.05.014
http://doi.org/10.1016/j.cardfail.2013.09.005
http://doi.org/10.1016/j.cca.2019.10.029
http://doi.org/10.1373/clinchem.2010.159277
http://doi.org/10.1002/ehf2.12882
http://doi.org/10.1016/j.jacc.2008.07.042
http://doi.org/10.1161/JAHA.116.004382
http://doi.org/10.1016/j.cardfail.2013.01.010
http://doi.org/10.1007/s10554-017-1203-2
http://doi.org/10.3390/jcm8020270
http://doi.org/10.1186/s12872-020-01493-2
http://doi.org/10.2147/VHRM.S127430
http://doi.org/10.1016/j.ijcard.2012.12.031
http://doi.org/10.1002/clc.22262
http://doi.org/10.4049/jimmunol.1400481
http://doi.org/10.1016/S2665-9913(20)30340-4
http://doi.org/10.1016/j.jaci.2017.01.015
http://www.ncbi.nlm.nih.gov/pubmed/28196763
http://doi.org/10.1016/j.jaci.2018.08.051
http://doi.org/10.1161/CIRCHEARTFAILURE.113.000457
http://www.ncbi.nlm.nih.gov/pubmed/24114865
http://doi.org/10.1177/2045894020936660
http://doi.org/10.1111/acem.14148

Diagnostics 2021, 11, 175 16 of 16

77.

78.

79.

80.

81.

82.

83.

Grillet, F,; Behr, J.; Calame, P.; Aubry, S.; Delabrousse, E. Acute Pulmonary Embolism Associated with COVID-19 Pneumonia
Detected with Pulmonary CT Angiography. Radiology 2020, 296, E186-E188. [CrossRef]

Chen, Y.; Duan, C,; Liu, F; Shen, S.; Chen, P.; Bin, J. Impact of Etiology on the Outcomes in Heart Failure Patients Treated with
Cardiac Resynchronization Therapy: A Meta-Analysis. PLoS ONE 2014, 9, €94614. [CrossRef]

Beaudoin, ].; Szymonifka, J.; Lavender, Z.; Deafio, R.C.; Zhou, Q.; Januzzi, J.L.; Singh, ].P.; Truong, Q.A. Relationship of soluble
ST2 to pulmonary hypertension severity in patients undergoing cardiac resynchronization therapy. J. Thorac. Dis. 2019, 11,
5362-5371. [CrossRef]

Bajwa, E.K.; Volk, J.A.; Christiani, D.C.; Harris, R.S.; Matthay, M.A.; Thompson, B.T.; Januzzi, ].L. Prognostic and Diagnostic
Value of Plasma Soluble Suppression of Tumorigenicity-2 Concentrations in Acute Respiratory Distress Syndrome. Crit. Care Med.
2013, 41, 2521-2531. [CrossRef]

Weir, R.A.; Miller, AM.; Murphy, G.E; Clements, S.; Steedman, T.; Connell, ].M.; McInnes, 1.B.; Dargie, H.].; McMurray, J.J. Serum
soluble ST2: a potential novel mediator in left ventricular and infarct remodeling after acute myocardial infarction. J. Am. Coll.
Cardiol. 2010, 55, 243-250. [CrossRef] [PubMed]

Broch, K.; Leren, L.S.; Saberniak, J.; Ueland, T.; Edvardsen, T.; Gullestad, L.; Haugaa, K.H. Soluble ST2 is associated with disease
severity in arrhythmogenic right ventricular cardiomyopathy. Biomarkers 2017, 22, 367-371. [CrossRef] [PubMed]

Gautret, P; Lagier, ].C.; Parola, P.; Hoang, V.T.; Meddeb, L.; Mailhe, M.; Doudier, B.; Courjon, J.; Giordanengo, V.; Vieira, V.E.;
et al. Hydroxychloroquine and azithromycin as a treatment of COVID-19: preliminary results of an open-label non-randomized
clinical trial. medRxiv 2020, 20037135. [CrossRef] [PubMed]


http://doi.org/10.1148/radiol.2020201544
http://doi.org/10.1371/journal.pone.0094614
http://doi.org/10.21037/jtd.2019.11.66
http://doi.org/10.1097/CCM.0b013e3182978f91
http://doi.org/10.1016/j.jacc.2009.08.047
http://www.ncbi.nlm.nih.gov/pubmed/20117403
http://doi.org/10.1080/1354750X.2016.1278266
http://www.ncbi.nlm.nih.gov/pubmed/28067540
http://doi.org/10.1016/j.ijantimicag.2020.105949
http://www.ncbi.nlm.nih.gov/pubmed/32205204

	Introduction: The Biological Mechanisms of Myocardial Injury in COVID-19 
	A Complicated Relationship: Heart Failure and COVID-19 
	Chronic Heart Failure in COVID-19: The Perfect Trigger 
	Acute Heart Failure in COVID-19: One Target, Multiple Pathways 
	Natriuretic Peptides and Cardiac Troponins in Patients with COVID-19 and Heart Failure 
	ST2: Structural and Functional Characteristics 
	ST2 in Heart Failure with Reduced Ejection Fraction: A Valuable Diagnosis and Prognosis Biomarker? 
	sST2 and HF with Preserved Ejection Fraction: It’s Not Everything about Systolic Function 
	ST2 in HF with Midrange Ejection Fraction (HFmrEF): Promising Perspectives 
	Increased Filling Pressures: The Link between sST2 and Right Ventricular Failure 
	ST2/IL-33 Axis Enhances Systemic Inflammation in COVID-19 
	sST2 and Its Role in Assessing the Patients with HF and Concomitant COVID-19 
	Summary and Conclusions 
	References

