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Abstract

Objective

The role of neutrophil extracellular traps (NETS) in acute heart failure is unknown. We
recently showed that interleukin 8, a putative NETs stimulator, was associated with myocar-
dial recovery in acute heart failure complicating ST-elevation myocardial infarction (STEMI).
In this exploratory post-hoc study, we aimed to investigate the role of NETs components in
relation to myocardial function and interleukin 8 in STEMI patients with symptomatic acute
heart failure.

Methods

In 61 STEMI patients developing acute heart failure within 48 hours of successful revascu-
larization, wall motion score index (WMSI), global longitudinal strain (GLS) and left ventricu-
lar ejection fraction (LVEF) were assessed by echocardiography at baseline and on day 5.
Blood drawn at baseline and days 1, 2 and 5 was used to quantify double-stranded DNA
(dsDNA), myeloperoxidase-DNA complexes (MPO-DNA) and citrullinated histone 3
(CitH3). The area under the curve (AUC) of each NETs marker and interleukin 8 was
approximated for the first 5 days.

Results

dsDNAayc and MPO-DNA ¢ correlated significantly with change in WMSI from baseline to
day 5 (rs = 0.28 for both, p<0.05), whereas NETs AUCs did not correlate with changes in
GLS and LVEF. dsDNAyc was significantly correlated with interleukin 8ayc (r=0.40, p =
0.003). However, mixed model regression could not identify a significant effect of the NETs
components on myocardial function parameters.
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Conclusions

In this cohort with acute heart failure complicating STEMI, NETs components were partly
correlated with myocardial function and interleukin 8 levels, yet no causal relationship
between NETs components and myocardial recovery could be established.

Clinical trial registration
ClinicalTrials.gov, identifier: NCT00324766.

Introduction

Although patient outcomes after ST-elevation myocardial infarction (STEMI) have improved
considerably over the last decades, the incidence of heart failure during hospitalization for the
index myocardial infarction (MI) is still estimated at nearly 30% [1], necessitating the ongoing
search for biomarkers and potential therapeutic targets. In this pursuit, sustained inflamma-
tion has gained attention as a contributor to the development of ischemic heart failure [2-4].

Among the inflammatory mediators that are elevated post-MI, interleukin 8 (IL-8) attracts
neutrophils that infiltrate the myocardium within hours of infarction and contribute to myo-
cardial injury through recruitment of other inflammatory mediators, degranulation and pro-
duction of reactive oxygen species [5]. We recently showed that increased levels of IL-8 were
associated with poorer myocardial recovery in patients with acute heart failure (AHF) compli-
cating STEMI treated by percutaneous coronary intervention (PCI) [6]. Aside from expulsion
of reactive oxygen species and other proteins, neutrophils also release extracellular traps
(NETs), appearing as extracellular clouds consisting of deoxyribonucleic acid (DNA), histones,
and neutrophil granule proteins in response to stimuli such as activated platelets or IL-8 [7].
NETSs have been shown to be cytotoxic, proinflammatory and prothrombotic, potentially aug-
menting myocardial injury [8,9], and have recently been suggested to affect both myocardial
infarct size and post-MI left ventricular remodeling [10,11]. However, the contribution of
NETs components with respect to AHF complicating MI has not previously been reported on.

We hypothesized that increased levels of circulating NETs components might reflect an
unfavourable immune response as part of sterile inflammation post-MI, potentially affecting
myocardial recovery after ischaemia and reperfusion (IR) injury. The present exploratory
study therefore aimed to investigate whether NET's component levels were associated with
echocardiographic indices of myocardial function in patients with AHF complicating STEMI.
Secondarily, we explored whether there was any association between NETs components and
circulating IL-8 levels as a putative stimulator of NETosis.

Materials and methods
Study design

Patients included in this post hoc observational sub-study (n = 61) were enrolled in the LEvosi-
mendan in Acute heart Failure (LEAF) trial at the Oslo University Hospital Ulleval from
2006-2010. Results and details of the study design have previously been published [12]. In
brief, patients with STEMI and clinical signs of heart failure within 48 hours of successful
revascularization by PCI were randomized double blind to a 25-hour infusion of either levosi-
mendan or placebo (S1 Fig). The primary endpoint was change in left ventricular wall motion
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score index (WMSI) from baseline to day 5. Secondary outcomes included changes in inflam-
matory markers and infarct size at six-week follow-up.

Clinical signs of heart failure were defined as shortness of breath at rest, and the presence of
at least one of the following: pulmonary oedema, pulmonary congestion on chest x-ray, requir-
ing mechanical ventilatory support or intravenous diuretics, or persistent oliguria (urine out-
put <0.5 ml/kg/h) despite volume therapy. A subgroup of patients in cardiogenic shock were
stratified by block randomization, and the inclusion criteria were systolic blood pressure <90
mmHg after one hour of adequate volume therapy, or systolic blood pressure 90-100 mmHg
with ongoing inotropic treatment, in addition to clinical signs of hypoperfusion including oli-
guria, cold and clammy extremities, or reduced consciousness.

The study conforms with the principles outlined in the Declaration of Helsinki, and was
approved by the South East Regional Ethics Committee, Norway. All participants gave written
informed consent. The LEAF trial is registered with ClinicalTrials.gov, identifier:
NCT00324766.

Myocardial imaging
Echocardiography was performed by two experienced echocardiographers at baseline, on days
1 and 5, and at the 6-week follow-up. A single observer performed all echocardiographic analy-
ses, scoring 16 predefined segments of the left ventricle (LV) as either normal or hyperkinetic
(1 point), hypokinetic (2 points), akinetic (3 points), or dyskinetic (4 points) using a digital
ultrasonic device (Vivid I or Vivid 7 with Echopac software (GE Vingmed Ultrasound, Horten,
Norway). WMSI is calculated as the sum of scores divided by number of assessed segments,
yielding a score = 1 for a normally functioning LV, and >1 in the case of LV dysfunction.
Upon study inclusion, patients were required to have decreased L'V wall motion in at least 3 of
16 segments. Left ventricular ejection fraction (LVEF) was assessed using Simpson’s biplane
method or by visual approximation. Global longitudinal strain (GLS) measurements were
derived from speckle tracking echocardiography images of the myocardium in three apical
views, with automatic calculations by the aforementioned software. Analysis required optimal
tracking in at least 14 segments and absence of AF.

Infarct size was quantified using 99 m-tetrofosmin ECG-gated myocardial single photon
emission computed tomography (SPECT), expressing the perfusion defect as percentage of LV
mass.

Laboratory methods

Venepuncture was performed at baseline on study inclusion (median 22 hours after PCI), and
subsequently on days 1, 2 5, and 42 (6-week follow-up). Plasma was collected using EDTA and
citrated Vacutainer™ tubes, and then kept on ice until centrifugation within 30 min at 3000g
and 4°C for 20 min. Serum was centrifuged at 2500¢ for 10 min within an hour of sampling.
Samples were ultimately stored at -80°C pending analysis.

Plasma (EDTA) levels of double-stranded DNA (dsDNA) were quantified using a fluores-
cent nucleic acid stain, Quant-iT PicoGreen™ (Invitrogen Ltd., Paisley, UK) and a fluorimeter
(Fluoroskan Ascent™, Thermo Fisher Scientific Oy, Vantaa, Finland) with an inter-assay coef-
ficient of variation (CV) of 8.2%. Serum levels of myeloperoxidase-DNA (MPO-DNA) com-
plexes were assessed using an enzyme-linked immunosorbent assay (ELISA) technique
previously described by Kessenbrock et al. [13]. Briefly, the capture antibody anti-MPO (AbD
Serotec, Hercules, CA, USA) was coated to plates and incubated overnight at 4°C. After block-
ing with BSA, patient serum and a peroxidase-labelled anti-DNA antibody (Cell Death Detec-
tion kit, Roche Diagnostics GmbH, Mannheim, Germany) were added. Finally, a peroxidase
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substrate was added and absorbance measured, expressed as optical density (OD) units with
an inter-assay CV of 11.8%. Serum levels of citrullinated histone 3 (CitH3) were measured
using a commercial sandwich ELISA kit (Cayman Chemical, Ann Arbor, MI, USA) with an
inter-assay CV of 7.3%.

Circulating levels of IL-8 were quantified in serum using a commercial ELISA (R&D Sys-
tems, Abingdon, UK) with an inter-assay CV of 7.6%. Peak cardiac troponin T (TnT) was
measured in serum using a commercial immunoassay (third generation cTroponin T, Elecys
2010, Roche, Mannheim, Germany).

Statistical analysis

Data are presented as mean (+SD), median (25™, 75" percentile), or proportions (%) as appro-
priate. The distribution of data was judged based on skewness, kurtosis and Q-Q plots (S1
File). As the measured NET's components were mostly skewly distributed, Spearman’s rho (r;)
was used to perform correlation analyses, and 95% confidence intervals (CI) for rho were cal-
culated using Fisher’s Z transformation. Continuous data were compared by use of the
unpaired two-sample Student ¢-test or Mann-Whitney U test depending on data distribution.
The Friedman test was performed to assess differences in levels of the NETs components
across repeated samples, whereas Wilcoxon signed-rank tests were used to assess differences
in the levels of the markers pairwise compared to baseline levels. Area under the curve (AUC)
from baseline to day 5 was approximated for each NET's marker and IL-8 using the trapezoidal
rule (n = 53 due to missing samples day 2). Longitudinal mixed model regression analysis was
performed to assess the effects of NETs levels on myocardial function, testing for potential
confounders (age, sex, smoking, Killip class, baseline creatinine level, baseline leukocyte count,
and peak TnT) (S1 File). The level of statistical significance was set to p < 0.05, and analyses
were performed using IBM®SPSS® Statistics software version 25 or R version 4.0.2 [14].

Results
Baseline characteristics

The patients had a mean age of 65 years and approximately 30% were women (Table 1). Only
one patient had a history of chronic heart failure. With the exception of MPO-DNA levels on
day 2, no significant differences in circulating NET's components were observed between
groups receiving levosimendan or placebo. For this reason, and taking into account the small
sample size, no further analyses were performed with respect to intervention groups. Charac-
teristics according to above- and below-median levels of the NETs components are displayed
in S1 Table.

Temporal profile of NETs components

There was a significant difference in the levels of all three NETs components across the five
sampling time points from baseline to six weeks (day 42), assessed using Friedman tests

(p <0.017 for all) (Fig 1A-1C). dsDNA levels increased significantly from baseline to day 1,
day 2, and day 5 when levels seemed to peak, whereas MPO-DNA decreased significantly from
baseline to day 5 (p < 0.001). No significant changes were observed in CitH3 levels during the
first five days. When comparing levels of the NET's components at baseline through day 5 to
the levels at six weeks, both dsDNA and MPO-DNA were significantly higher at all previous
time points (p < 0.001 for all for dsSDNA, and p < 0.05 for all for MPO-DNA). CitH3 was only
significantly higher at baseline, day 2 and day 5 (p < 0.04) and just missed significance on day
1 (p = 0.06).
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Table 1. Baseline characteristics of the study population.

Total study population (n = 61)

Age, years, mean (range) 65 (34-90)

Female sex 18 (29.5)

Current smoking 22 (37.3)

Hypertension 21 (34.4)

Dyslipidaemia 13 (21.3)

Diabetes mellitus 6 (9.8)

Previous MI 11 (18.0)

Cardiogenic shock 9 (14.8)

Multiple vessel disease on angiography 31 (50.8)

IRA—Left anterior descendingartery o468 T

..... sLeftcircumflexartery e S B

..... *Right coronaryartery b A )
eLeft main stem 4 (6.6)

WMSI at baseline 1.98 (£0.23)

GLS at baseline -9.07 (£2.17)

LVEEF at baseline, % 41.2 (+8.5)

NT-proBNP, ng/L 434 (264, 779)

Peak TnT, ng/L 12915 (7811, 17523)

Total leukocyte count, x10°/L 12.7 (10.2, 15.8)

Creatinine, pmol/L 82 (68,97)

Systolic blood pressure on admission 104 (£16.3)

Diastolic blood pressure on admission 65 (£9.8)

Hours from PCI to study infusion/baseline 22 (14, 29)

Values presented as mean (+SD) or (range), median (25%, 75t percentiles) or numbers (%) as appropriate. n:
Number of cases.

MI: Myocardial infarction.

IRA: Infarct-related artery.

WMSI: Wall motion score index.

GLS: Global longitudinal strain.

LVEF: Left ventricular ejection fraction.

NT-proBNP: N-terminal pro-brain natriuretic peptide.

TnT: Cardiac troponin T.

PCI: Percutaneous coronary intervention.

https://doi.org/10.1371/journal.pone.0241333.t001

The AUC: for the three NET's components, expressing total “burden” over the first five
days, hereafter referred to as dASDNA sy, MPO-DNA 4 yc and CitH3 ¢, were 2000 ng/
ml-days (1824, 2209), 1.29 OD-days (1.05, 1.45), and 26.4 ng/ml-days (11.0, 39.2), respectively.

Stratifying patients according to the presence (n = 9) or absence (n = 52) of cardiogenic
shock at baseline, there were no significant between-group differences in dsDNA levels at
baseline or at 6-week follow-up, but dsDNA was significantly higher in the group with shock
as compared to patients without shock on day 1, 2, and 5 (Fig 1D). MPO-DNA levels did not
differ significantly between the groups at any time point, whereas the patients with shock had
significantly higher CitH3 levels at baseline and at the 6-week follow-up compared to patients
without shock (Fig 1E and 1F). Patients with cardiogenic shock (1 = 6), as compared to those
without, had significantly greater dSDNA oy (2266 ng/ml-days (2117, 2547) vs 1982 (1792,
2122), p = 0.02) and CitH3 oy (49.8 ng/ml-days (29.3, 51.6) vs. 24.3 (9.9, 36.6), p = 0.02), but
no significant difference was observed between the two groups for MPO-DNA ¢ (p = 0.10).
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Fig 1. Temporal profile of the three NETs components (A-C), also stratified according to cardiogenic shock at inclusion
(D-F). Points represent median values, and the lines represent interquartile ranges. Red and blue lines indicate presence and
absence of cardiogenic shock. P-values in A-C refer to Friedman tests assessing differences in levels of the NETs components
across repeated samples. Asterisks in A-C represent significant differences from baseline levels based on Wilcoxon signed-rank
tests, and asterisks in D-F refer to Mann-Whitney U tests comparing groups with or without cardiogenic shock (*: p < 0.05, **:
p <0.01, ***: p < 0.001). The number of cases (n) at the five consecutive time points were in A: 61, 60, 53, 59, 53 and for B-C:
61, 60, 52, 59, 51. Of these cases, the number with cardiogenic shock were in D: 9, 9, 6, 8, 6 and for E-F: 9, 9, 6, 8, 5.

https://doi.org/10.1371/journal.pone.0241333.g001
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Fig 2. Mean change (A) in WMSI, GLS, and LVEF from baseline to day 5, according to below- or above-median levels of dsDNA,yc,
MPO-DNA syc; and CitH3,yc. Error bars indicate one standard deviation from the mean. The number of cases (1) analysed for WMSI,
GLS and LVEF were 52, 44, and 52, respectively.

https://doi.org/10.1371/journal.pone.0241333.g002

NETs components and indices of myocardial function

dsDNA s yc and MPO-DNA 4y were significantly correlated with change in WMSI from
baseline to day 5 (r; = 0.28 for both, p = 0.04-0.05, 95% CI 0.01 to 0.51 and 0.01 to 0.52 respec-
tively) (S2 Table). No significant correlations to change in WMSI were observed for CitH3 sy c.
There were no significant correlations between NETs AUCs and change in GLS or LVEF dur-
ing the first five days (S2 Table). In order to visualise potential effects with respect to changes
in myocardial function, NETs AUCs were dichotomised at median levels as shown in Fig 2.
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Table 2. Correlations between NETs markers and IL-8 levels at corresponding sampling time points.

dsDNA

MPO-DNA

CitH3

n: Number of cases.

rs: Spearman’s rho.

-0.33t0 0.18 -0.24 t0 0.27 -0.20 to 0.35 0.09 to 0.54 0.04 to 0.54

CI: Confidence interval for Spearman’s rho calculated using the Fisher Z transformation.

dsDNA: Double-stranded DNA.

MPO-DNA: Myeloperoxidase-DNA complexes.

CitH3: Citrullinated histone 3.
IL-8: Interleukin 8.
BL: Baseline.

6 w: Six weeks.

https://doi.org/10.1371/journal.pone.0241333.t002

To investigate potential effects of NETs components on changes in myocardial function as
illustrated in Fig 2, longitudinal mixed model regression analysis was performed (S1 File). Nei-
ther crude models nor models adjusting for potential confounders could identify a significant
main effect of the NET's components on any of the echocardiographic parameters. Nor were
there any significant effects when including an interaction between the NETs components and
time.

NETs components and interleukin 8

Correlations between NETs levels and IL-8 at corresponding time points are shown in Table 2,
while correlations between NET's AUCs and IL-8 at baseline are presented in Fig 3. dsDNAyc
was significantly correlated with baseline IL-8 (r, = 0.42, p = 0.002, 95% CI 0.17 to 0.62). How-

ever when investigating potential mediating effects of the NETs components on IL-8 effects in

the aforementioned mixed model regression analysis, no significant effects were observed.

NETs components and indices of myocardial injury

Myocardial infarct size, as determined by SPECT after 6 weeks, did not correlate significantly
with levels of the NET's components at any time point, nor with NETs AUCs (S3 Table).
dsDNA syc correlated significantly with peak TnT levels (r, = 0.44, p = 0.001, n = 53, 95% CI
0.20 to 0.64), whereas MPO-DNA ,yc and CitH3 5y did not. Neither peak TnT nor SPECT-
determined infarct size differed significantly between cardiogenic shock groups.
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and CI is the 95% confidence interval for Spearman’s rho, calculated by Fisher Z transformation.

https://doi.org/10.1371/journal.pone.0241333.9003
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Discussion

In this study of 61 patients with AHF complicating a PCI-treated STEMI, we could not con-
firm that NETs components play a role in myocardial recovery after STEMI. The association
with IL-8, although weak, may support IL-8 to be a potential NET's inducer in this setting.
Although no assertions can be made with respect to causality, to the best of our knowledge,
this is the first report on the temporal profile of circulating NET's components in AHF compli-
cating STEMI.

Although the total burden of dsSDNA and MPO-DNA were associated with change in
WMSI from baseline to day 5, longitudinal mixed model analysis showed neutral effects with
respect to NET's and myocardial recovery. Although not specifically examining AHF patients,
NETSs burden has previously been linked to infarct size and left ventricular function [10,15].
Neutrophils are known to be involved in plugging of the microvasculature during myocardial
IR-injury [16], and NETs may in this way contribute to the loss of viable myocardium that
occurs even though coronary artery patency has been achieved by PCI. By use of murine mod-
els of myocardial IR-injury, several groups have reported that NETs destruction by DNase
seems to reduce IR-injury and adverse left ventricular remodelling, presumably by abrogating
microthrombosis and the cytotoxic effects of histones [17-19]. In line with these observations,
we have recently observed high levels of circulating dsSDNA to be associated with microvascu-
lar obstruction in patients with PCI-treated STEMI [11]. The proposed adverse effects of NETs
structures on the myocardium could also be the result of proinflammatory activity, as NET's
have been shown to stimulate cytokine release from other immune cells [20]. A higher NET's
burden might reflect a greater intensity of the inflammatory response after infarction, which in
turn is thought to disrupt myocardial healing [4]. The pathophysiologic mechanisms linking
NETSs to myocardial function are far from adequately understood, and unfortunately our data
did not support a clear involvement of NET's components in myocardial recovery after
STEMI

Despite some significant correlations between WMSI and NETs burden, the findings for
GLS and LVEF were inconsistent. The observations with respect to changes in LVEF may be
obscured by the compensation of non-infarcted myocardium, supported by evidence from
one cohort with myocardial infarction in which most had LVEF within the normal range,
whilst 70% had impaired GLS [21]. Despite moderate correlations between the different echo-
cardiographic measures of change (S4 Table), our inconsistent observations nonetheless high-
light the challenge of interpreting myocardial function parameters in the setting of AHF
complicating STEMI, and the need for further research.

NETs burden as quantified by dsSDNA and CitH3 was significantly higher amongst patients
with cardiogenic shock, but with no association to final infarct size, supporting the observation
that NET's burden may be partly related to heart failure with increas0065d filling pressure and
low cardiac output, and not only myocardial necrosis. Increased NETosis in cardiogenic shock
may suggest that NETs components are released as a result of systemic hypoperfusion and
organ hypoxia, with NETosis potentially being triggered on a broader scale. In line with this,
dsDNA, MPO-DNA and histones have all been reported to be elevated in patients with septic
shock [22,23], leading one to speculate that cellular injury processes outside the coronary cir-
culation or non-specific to neutrophils could be important.

An association between IL-8 and NETosis was only corroborated by the correlation
between dsDNA and IL-8 at baseline. In this cohort, we have previously shown that IL-8 levels
were significantly higher at baseline than at all later points [6], seemingly peaking prior to the
peaks of the NET's components. Although only conjectural, this is in line with in vitro data
showing that IL-8 stimulates NET's release [7], though no data on circulating markers have to
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our knowledge previously been reported. The lack of correlations between IL-8 and
MPO-DNA and CitH3 could hypothetically indicate that IL-8 is involved in other cellular pro-
cesses resulting in the extrusion of nuclear material, not limited to NET's release.

With respect to the neutral effects of NETs components on myocardial recovery, it might
be discussed whether some of the neutrophil components also act to limit the inflammatory
response. For instance, NET's could perhaps restrict injury to a smaller area, trigger compensa-
tion of the remote non-infarcted myocardium, or initiate repair, however such causal infer-
ences cannot be drawn from the present study. The crucial role of neutrophils in the
conversion of macrophages to a reparative phenotype, as well as the timely development of a
fibrotic scar, is evident from studies in mice showing that neutrophil depletion leads to poorer
myocardial function and the development of AHF [24]. Recent data from a murine model of
MI indicates that NETs may promote resolution of inflammation [25] and yet another study
showed that NETs likely influence the conversion of monocytes to scar-generating fibrocytes
[15]. Other beneficial effects of neutrophils could mitigate the potential detrimental effects of
NETs, complicating interpretation of our results. Finally, although levosimendan is proposed
to have pleiotropic anti-inflammatory effects, potentially reducing neutrophil activation and
degranulation [26], we could not find any significant difference between treatment groups in
this study. We have previously shown that levosimendan did not affect circulating markers of
inflammation in this cohort [6].

Limitations

Limitations of this study include sample size, potential impact of outliers, and the number of
analyses performed, although the study is exploratory and observational in nature, precluding
conclusions with respect to causality. Whether dsDNA is a nonspecific marker of cellular
injury or a marker of NETosis cannot be determined from our data, nor can we dissect
whether our observations are related primarily to MI or AHF. Moreover, we can only speculate
as to possible reasons for the inconsistent observations between the different NET's compo-
nents, potentially due to differential release of the individual components, differing half-life in
the circulation, or methodological issues. The primary endpoint (change in WMSI from base-
line to day 5) was in part chosen based on the pharmacokinetic properties of levosimendan,
thus limiting the study hypothesis to neutrophil effects in the acute and subacute phase.
Finally, concurrent conditions such as infections may have affected neutrophil activity and
general inflammation.

Conclusions

Our results provide novel knowledge of how levels of circulating NET's components evolve in
patients with large myocardial infarctions and symptomatic heart failure. Despite some corre-
lations between NET's components and myocardial recovery after STEMI, and the observation
that IL-8 might be involved in enhancing NET's formation in AHF, no significant cause-effect
relationships could be shown. The mechanistic links and potential clinical utility of NETs com-
ponents as biomarkers in AHF require further investigation.
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