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BACKGROUND Interleukin-6-receptor inhibition with tocilizumab improves myocardial salvage in patients with

ST-segment elevation myocardial infarction (STEMI). Reduced levels of neutrophil extracellular traps (NETs), which

consist of nuclear material studded with proteins released upon neutrophil activation, might contribute to this effect.

OBJECTIVES The purpose of this study was to evaluate the effect of tocilizumab on NETs and investigate the asso-

ciation between NETs and myocardial injury in patients with STEMI.

METHODS In the ASSAIL-MI study, 199 patients with STEMI were randomized to tocilizumab or placebo during

percutaneous coronary intervention. In this substudy, we analyzed blood levels of the NET markers double-stranded

deoxyribonucleic acid (dsDNA), myeloperoxidase-DNA, and citrullinated histone 3 (H3Cit) at admission and after 24 hours

and 3 to 7 days. In a subgroup of patients, we assessed regulation of transcripts related to the formation of NETs. We also

investigated associations between NET markers and the myocardial salvage index (MSI).

RESULTS All NET markers were lower in the tocilizumab group than in the placebo group at 3 to 7 days (all P < 0.04).

Several NET-related pathways were downregulated in the tocilizumab group. The beneficial effect of tocilizumab on the

MSI seemed to be partly dependent on reduction of NETs (structural equation modeling: 0.05, P ¼ 0.001 [dsDNA] and

0.02, P ¼ 0.055 [H3Cit]). Patients with NETs in the 3 lowest quartiles had higher MSI than patients in quartile 4 (10.9

[95% CI: 4.0-15.0] [dsDNA] and 8.9 [95% CI: 2.0-15.9] [H3Cit], both P ¼ 0.01).

CONCLUSIONS NETs were reduced by tocilizumab and associated with myocardial injury. The effect of tocilizumab

on MSI might be mediated through reduced NETs. (ASSessing the Effect of Anti-IL-6 Treatment in Myocardial

Infarction: The ASSAIL-MI Trial [ASSAIL-MI]; NCT03004703) (JACC Adv. 2024;3:101193) © 2024 The Authors.

Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article

under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
m the aDepartment of Cardiology, Center for Clinical Heart Research, Oslo University Hospital Ullevaal, Oslo, Norway; bFaculty

Medicine, Institute of Clinical Medicine, University of Oslo, Oslo, Norway; cDepartment of Cardiology, Oslo University Hospital

shospitalet, Oslo, Norway; dK. G. Jebsen Cardiac Research Centre, University of Oslo, Oslo, Norway; eDepartment of Cardiology,

lo University Hospital Ullevaal, Oslo, Norway; fClinic of Cardiology, St. Olav’s Hospital, Trondheim University Hospital,

ndheim, Norway; gDepartment of Circulation and Medical Imaging, Norwegian University of Science and Technology (NTNU),

ndheim, Norway; hResearch Institute of Internal Medicine, Oslo University Hospital Rikshospitalet, Oslo, Norway; iK. G. Jebsen

rombosis Research and Expertise Center (TREC), The Arctic University of Norway, Tromsø, Norway; jDepartment of Radiology,

lo University Hospital Ullevaal, Oslo, Norway; kCardiovascular Division, Department of Medicine, Brigham and Women’s

N 2772-963X https://doi.org/10.1016/j.jacadv.2024.101193

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
https://clinicaltrials.gov/study/NCT03004703
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jacadv.2024.101193
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jacadv.2024.101193&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Hospital, H

University

Research,

Cardiovasc

Medical Re

The autho

institution

visit the A

Manuscrip

ABBR EV I A T I ON S

AND ACRONYMS

dsDNA = double stranded

deoxyribonucleic acid

H3Cit = citrullinated histone 3

IL = interleukin

MPO-DNA = myeloperoxidase-

deoxyribonucleic acid

MSI = myocardial salvage index

NETs = neutrophil extracellular

traps

NSTEMI = non-ST-segment

elevation myocardial infarction

STEMI = ST-segment elevation

myocardial infarction
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I schemia reperfusion injury is respon-
sible for up to 50% of the final infarct
size after ST-segment elevation myocar-

dial infarction (STEMI).1 The pathophysiolog-
ical mechanism involves activation of innate
immunity, but treatment options remain
elusive.2 In the ASSessing the effect of Anti-
IL-6 treatment in Myocardial Infarction
(ASSAIL-MI) trial, we showed that a single
dose of the interleukin (IL)-6 receptor inhibi-
tor tocilizumab attenuated myocardial injury
in patients with acute STEMI. Tocilizumab
infusion started prior to and continued
alongside primary percutaneous coronary
intervention with an infusion time of
1 hour. Tocilizumab significantly increased myocar-
dial salvage index (MSI),3 ie, the fraction of the
ischemic myocardium (area at risk) rescued from ne-
crosis.4 There was also a numerically, although not
statistically significant, difference in infarct size
quantified by cardiac magnetic resonance imaging
and peak levels of troponin T between the treatment
groups. Subsequent analyses showed that treatment
with tocilizumab was associated with a fall in neutro-
phil cell count as well as attenuated inflammatory po-
tential of the residual neutrophils, including
degranulation.5 Neutrophils produce neutrophil
extracellular traps (NETs),6 which are filamentous,
thread-like structures of double-stranded deoxyribo-
nucleic acid (dsDNA) twined around histones like cit-
rullinated histone 3 (H3Cit). NETs are embedded with
granule proteins including myeloperoxidase (MPO-
DNA complexes), and are suggested to contribute to
the myocardial injury during ischemia/reperfusion
by promoting microvascular obstruction as well as
myocardial inflammation and cytotoxicity.7-10 These
myocardial NET effects are supplementary to the
well-known prothrombotic effects of NETs in athero-
sclerotic plaques and intracoronary thrombosis that
involve interaction between neutrophils, platelets,
and endothelial cells.11-13 Interestingly, targeting
NETs with DNAse 1 has been shown to accelerate
ex vivo tissue plasminogen activator-induced
thrombolysis.14
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We have previously shown that level of the NET
marker dsDNA was associated with infarct size and
death in patients with STEMI.15,16 Our aim in the
present study was to explore how tocilizumab influ-
enced circulating NET levels in the setting of ischemia
reperfusion injury in STEMI patients. Because the IL-
6 pathway is thought to stimulate NETosis,17 we hy-
pothesized that treatment with the IL-6 receptor
antagonist tocilizumab would be associated with
reduced circulating levels of NET markers, again
contributing to myocardial salvage.

METHODS

ETHICAL CONSIDERATIONS. The trial protocol is
approved by the regional ethics committee (REK Sør-
Øst 2016/1223), and all participants provided written
informed consent. The safety of the trial was moni-
tored by an independent Data and Safety Monitoring
Board. The trial adhered to the principles of the
Declaration of Helsinki and followed the guidelines
for good clinical practice. Prior to enrolling partici-
pants, the trial was registered at ClinicalTrials.gov,
NCT03004703.

STUDY DESIGN. We analyzed data from patients
enrolled in the ASSAIL-MI trial between March 16,
2017, and February 13, 2020. The design of ASSAIL-MI
has been published previously.3 The trial was con-
ducted at 3 high-volume percutaneous coronary
intervention centers in Norway and designed as a
randomized, double-blind, placebo-controlled trial.
The primary objective was to test the effect of a sin-
gle dose of the IL-6 receptor inhibitor tocilizumab,
administered at admission and continued during
primary percutaneous coronary intervention, on
myocardial injury after STEMI. Patients aged 18 to
80 years with a first-time STEMI and
symptoms <6 hours were included. Exclusion criteria
were previous myocardial infarction, cardiogenic
shock, resuscitated cardiac arrest, left bundle branch
block, renal or liver failure, current or chronic infec-
tion, current or chronic autoimmune or inflammatory
diseases, recent major surgery, or immunosuppres-
sive treatment other than a low dose corticosteroids
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TABLE 1 Baseline Characteristics

All
(N ¼ 199)

MRI and NET Markers Available
(N ¼ 178)

Tocilizumab
(n ¼ 91)

Placebo
(n ¼ 87)

Demographics

Age, y 61 � 9 62 � 10 60 � 9

Male 167 (84%) 72 (79%) 76 (87%)

Body mass index, kg/m2 27 � 4 27 � 5 28 � 4

Caucasian 193 (97.0%) 89 (95%) 83 (95%)

Smoking

Never 74 (37.2%) 35 (38%) 31 (36%)

Current 68 (34.2%) 28 (31%) 35 (40%)

Previous 57 (28.6%) 28 (31%) 21 (24%)

Prior conditions

Angina pectoris 2 (1%) 1 (1%) 1 (1%)

Cerebrovascular disease 6 (3%) 3 (3%) 2 (2%)

Diabetes mellitus 14 (7%) 7 (8%) 6 (7%)

Hypertension 65 (32%) 30 (33%) 29 (33%)

Treatment

ACE inhibitor or ARB 47 (24%) 20 (22%) 24 (28%)

Aldosterone antagonist 1 (0.5%) 0 (0%) 1 (1%)

Oral anticoagulation 7 (4%) 4 (4%) 2 (2%)

Platelet inhibitor 17 (9%) 10 (11%) 4 (5%)

Beta blocker 11 (6%) 7 (8%) 3 (3%)

Calcium antagonist 23 (12%) 12 (13%) 10 (11%)

Diuretic 16 (8%) 7 (8%) 8 (9%)

Statin 28 (14%) 17 (19%) 8 (9%)

Clinical characteristics

SBP at admission, mm Hg 131 � 23 131 � 22 131 � 22

DBP at admission, mm Hg 82 � 17 81 � 16 84 � 16

Heart rate at admission, beats/min 72 � 16 72 � 18 70 � 15

Time from symptom onset to
arrival at PCI center, min

135 (95, 185) 135 (95, 185) 135 (100, 185)

Killip class

I 191 (96%) 85 (93%) 86 (99%)

II-IV 8 (4%) 3 (3%) 4 (5%)

Culprit coronary artery

Left anterior descending branch 74 (37%) 34 (37%) 29 (33%)

Circumflex or marginal 24 (12%) 11 (12%) 12 (14%)

Right coronary artery 93 (49%) 42 (48%) 43 (51%)

Other 8 (4%) 4 (4%) 3 (3%)

Laboratory values

White blood count 109/l, admission 11.6 � 3.4 11.4 � 3.6 11.6 � 3.3

Neutrophil granulocytes 109/l, admission 8.6 � 3.3 8.5 � 3.4 8.5 � 3.3

Troponin T ng/l, admission 49 (23, 136) 53 (22, 185) 49 (23, 95)

Peak troponin T ng/l 3,921
(1,637, 7,491)

2,936
(1,432, 6,789)

4,496
(1,937, 8,237)

NT-proBNP ng/l, admission 74 (50, 169) 83 (50, 212) 63 (50, 155)

Creatinine ng/l, admission 76 � 19 74 � 17 79 � 21

HbA1c mmol/mol, admission 37 (34, 40) 37.4 (34, 41) 36.6 (34, 40)

LDL cholesterol mmol/l, admission 3.7 � 1.0 3.7 � 1.1 3.7 � 0.9

C-reactive protein mg/l, admission 2.7 (1.2, 5.0) 2.2 (0.9, 5.0) 2.8 (1.4, 5.0)

Values are mean � SD, n (%), or median (25th, 75th percentiles).

ACE ¼ angiotensin-converting enzyme; ARB ¼ angiotensin receptor blocker; DBP ¼ diastolic blood pressure;
HbA1c ¼ glycated hemoglobin A1c; LDL ¼ low-density lipoprotein; MRI ¼ magnetic resonance imaging;
NET ¼ neutrophil extracellular trap; NT-proBNP¼ N-terminal pro-B-type natriuretic peptide; PCI ¼ percutaneous
coronary intervention; SBP ¼ systolic blood pressure.
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equivalent to 5 mg prednisolone daily. Patients were
randomized 1:1 to a single dose of 280 mg tocilizumab
or 1,000 ml of NaCl as placebo, administered as
an intravenous infusion over 1 hour starting prior
to the percutaneous coronary intervention. The
primary endpoint was the MSI as assessed by
cardiac magnetic resonance imaging 3 to 7 days
after randomization.

BLOOD SAMPLING PROTOCOL. Blood samples were
collected at admission (baseline), after 24 hours, 3 to
7 days, and at 3 and 6 months. Peripheral venous
blood was drawn into tubes containing ethyl-
enediaminetetraacetic acid for plasma analysis and
without any additives for serum analysis. The ethyl-
enediaminetetraacetic acid tubes were promptly
placed on ice and centrifuged within 30 minutes at
2,500 g for 20 minutes at 4 �C to obtain platelet-poor
plasma. Tubes without additives were left at room
temperature for 30 to 60 minutes to ensure full
coagulation before being centrifuged at 2,100 g for
10 minutes at room temperature. Immediately after
centrifugation, plasma and serum were aliquoted and
stored at �80 �C pending analyses. Filled BD PAXgene
Blood RNA tubes were placed at room temperature for
2 to 72 hours before being stored at �80 �C.

LABORATORY ANALYSES. High-sensitivity troponin T
was measured 4 times over the first 24 hours and
again at 3 to 7 days. We quantified Troponin T by
electrochemiluminescence immunoassay (Elecsys
2010 analyzer, Roche Diagnostics). Peak Troponin T
was the highest registered value. dsDNA was
measured in ethylenediaminetetraacetic acid plasma
using a fluorescent nucleic acid stain, Quant-iT Pico-
Green (Invitrogen), and quantified through fluorom-
etry (Fluoroskan Ascent, Thermo Fisher Scientific
Oy). MPO-DNA complexes were assessed in undiluted
serum using an ethylenediaminetetraacetic acid
technique previously described by Kessenbrock
et al.18 Briefly, plates were coated with the capture
antibody anti-MPO (Bio-Rad Hercules) and incubated
overnight at 4 �C. After blocking with bovine serum
albumin, patient samples and a peroxidase-labeled
anti-DNA antibody (Cell Death Detection Kit, Roche
Diagnostics GmbH) were added and incubated for
2 hours. Subsequently, a peroxidase substrate was
added, and absorbance was measured and expressed
as optical density (OD) units. H3Cit was analyzed in
serum in dilution 1:2 in ethylenediaminetetraacetic
acid buffer. A commercial sandwich ethyl-
enediaminetetraacetic acid kit (Cayman Chemical)
was used, and performed according to the manufac-
turer. Interassay coefficients of variation (CVs) were
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4.8% (dsDNA), 5.3% (MPO-DNA), and 11.9% (H3Cit).
See Supplemental Table 1 for technical specifications
on the MPO-DNA and H3Cit enzyme-linked immuno-
sorbent assay.

Total RNA was isolated from BD PAXgene Blood
RNA tubes (BD Biosciences) using MagMAX for Sta-
bilized Blood Tubes RNA Isolation Kit (Invitrogen)
following the manufacturer’s instructions. RNA
isolation, RNA sequencing, and bioinformatic anal-
ysis were performed as previously described in detail
by Huse et al.5 Neutrophil-imputed genes 5 were im-
ported into Rstudio (v.2022.12.0þ353). We performed
an over-representation analysis on the “Neutrophil
Extracellular Trap Formation pathway” (hsa04613)
from the Kyoto Encyclopaedia of Genes and Genomes
(KEGG). The analysis involved preranking of genes
based on their log2fold difference between the toci-
lizumab and placebo group. We utilized the cluster
Profiler (v.4.6.2) package and performed the analysis
with the enrichKEGG function, considering results
with an adjusted P value <0.05 as statistically sig-
nificant. Visualization of pathway over-
representation analysis results were presented with
the pathview function. Visual presentation of differ-
entially regulated neutrophil-imputed genes, deter-
mined by a t-test P value <0.05, belonging to the
NETs formation pathway was procured with the
ComplexHeatmap (v.2.14.0) package.

CARDIAC MAGNETIC RESONANCE IMAGING. Pa-
tients were examined with cardiac magnetic reso-
nance imaging at 3 to 7 days and after 6 months,
performed on 1.5-T systems (Siemens Avanto, Philips
Ingenia). With gadolinium contrast, the short-axis
images of the left ventricle were obtained both
5 minutes and 15 minutes after contrast administra-
tion. All images were analyzed at the Department of
Circulation and Medical Imaging, Norwegian Uni-
versity of Science and Technology, Trondheim,
Norway, using the Segment software (Medviso). Left
ventricular ejection fraction, mass, and volume were
analyzed according to recommendations. Infarct size
was measured using the expectation maximization,
weight intensity, a priori information method with
manual correction, and is stated as a percentage of
the left ventricle. The area at risk was quantified
using short-axis early contrast-enhanced images.19

MSI (in %) was calculated as the difference be-
tween area at risk and infarct size, divided by area at
risk � 100. Microvascular obstruction was defined as
areas with absence of gadolinium enhancement
within the infarct zone. The area was manually
traced and reported as percentage of the left ven-
tricular mass.
STATISTICS. The demographic data are given as
median (25%, 75% percentiles), mean � SD, or
numbers (%) as appropriate. Wilcoxon sum-rank test,
2 sample t-test, and chi-square test were used to
analyze differences between groups. Differences
across all time points were assessed by Friedman’s
test, followed by the Wilcoxon signed rank test for
differences between 2 time points. Correlation ana-
lyses were performed by Spearman’s Rho. Outliers
have been removed in some figures to optimize the
visual presentation, but they are included in the sta-
tistical analyses. Supplemental Figure 1 shows the
figures with outliers. The direct and indirect effects of
tocilizumab were estimated with a structural equa-
tion modeling approach using the maximum likeli-
hood optimization algorithm. Linear and logistic
regression models were used to investigate associa-
tions with the MSI, infarct size, and microvascular
obstruction. We adjusted the models for the cova-
riates age, sex, and tocilizumab treatment. We chose
not to adjust for inflammatory parameters or
troponin, as these are closely linked to NETs and
infarct size. The level of statistical significance was
set to 2-sided P < 0.05. All statistical analyses were
performed on STATA v.17 SE (StataCorp LLC), except
for RNA sequencing data analysis, which was per-
formed on R version 4.2.1.

RESULTS

STUDY POPULATION. A total of 199 patients were
enrolled in ASSAIL-MI. The majority were men
(85%), and the mean age was 61 years. One in 3 had
no known prior disease, and only 6% had established
cardiovascular disease (Table 1). Baseline character-
istics were equally distributed between the treat-
ment groups. No patients died or developed clinical
heart failure during the 6-month follow-up.3 One
hundred and seventy-eight patients (89%) had car-
diac magnetic resonance imaging performed at days
3 to 7 and blood samples eligible for analyzing NET
markers (tocilizumab n ¼ 91 and placebo n ¼ 87).

TOCILIZUMAB TREATMENT AND NETs: SERUM

MARKERS. Serum levels of dsDNA, MPO-DNA, and
H3Cit levels from baseline to 6 months in the 2 ran-
domized groups are shown in Figure 1. Levels of all
markers were similar between the 2 treatment groups
at baseline. However, levels of dsDNA and MPO-DNA
were lower in the tocilizumab group than in the pla-
cebo group at 24 hours and 3 to 7 days (dsDNA: 354 vs
367 ng/ml [24 hours] and 337 vs 387 ng/ml [3-7 days];
MPO-DNA: 0.099 vs 0.107 OD [24 hours] and 0.092 vs
0.101 OD [3-7 days], all P # 0.04) (Figure 1). While



FIGURE 1 Time Profiles of NET Markers by Treatment Arms

Levels of (A) dsDNA, (B) MPO-DNA, and (C) H3Cit at baseline, 24 hours, 3 to 7 days, and 3 and 6 months. Median levels, 25- and 75-percentiles, and total range. P values

of the Wilcoxon rank-sum test, comparing tocilizumab vs placebo. dsDNA ¼ double-stranded deoxyribonucleic acid; H3Cit ¼ citrullinated histone 3; MPO-DNA ¼
myeloperoxidase-deoxyribonucleic acid; NET ¼ neutrophil extracellular trap.
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unaffected at 24 hours, H3Cit levels were lower in the
tocilizumab than in the placebo group at 3 to 7 days
(1.36 vs 2.13 ng/ml, P ¼ 0.012). The change from
baseline to 3 to 7 days differed between the groups for
dsDNA levels (tocilizumab �7 ng/ml vs placebo 35 ng/
ml, P < 0.001), but not for MPO-DNA and H3Cit. After
3 and 6 months, there were no differences between
the treatment groups for any of the markers.

NET MARKERS: INTERCORRELATION AND ASSOCIATION

WITH NEUTROPHIL COUNTS AND PLATELETS. dsDNA
and MPO-DNA intercorrelated weakly at baseline and
24 h (r ¼ 0.162 and 0.214, both P < 0.03). MPO-DNA
and H3Cit correlated only at baseline (r ¼ 0.224,
P < 0.002), while dsDNA and H3Cit correlated only
after 3 to 7 days (r ¼ 0.187, P ¼ 0.001). All NET markers
were moderately positively correlated to corre-
sponding neutrophil cell count, and there was no
correlation to platelet count (Supplemental Table 2).

TOCILIZUMAB TREATMENT AND NETs: MODULATION OF

NET-RELATED PATHWAYS IN NEUTROPHILS. Enrichment
analysis of neutrophil-imputed genes revealed an
overrepresentation of genes belonging to the
“Neutrophil Extracellular Trap Formation” pathway
at 3 to 7 days (Figure 2A). There was a decrease in the
transcriptional levels of histone H3, its citrullinated
form, citH3, and histone deacetylases (HDAC), all
related to NET formation, in patients treated with
tocilizumab. However, there was also a decrease in



FIGURE 2 Transcriptional Regulation of NETosis-Related Pathway by Tocilizumab

(A) Over-representation analysis revealed a significant enrichment of the neutrophil extracellular trap formation pathway (hsa04613) in neutrophil-imputed genes

(n ¼ 20). Gray boxes represent enriched genes. Red boxes represent upregulated genes. Blue boxes represent downregulated genes. (B) Tocilizumab decreased

regulation of the transcriptional levels of several NETosis-related genes in the extracellular trap formation pathway (hsa04613) compared to placebo (n ¼ 39),

P < 0.05. P values of 2-sample T-test. NET ¼ neutrophil extracellular trap.
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TABLE 2 The Effect of Tocilizumab on the MSI

Dependent Variable Independent Variable Adjusted for Coefficient 95% CI P Value

MSI Tocilizumab Time from symptom onset 0.06 0.002 to 0.113 0.04

Time from symptom onset
H3Cit

0.04 �0.02 to 0.095 0.20

Time from symptom onset dsDNA �0.002 �0.064 to 0.059 0.94

dsDNA ¼ double-stranded deoxyribonucleic acid; H3Cit ¼ citrullinated histone 3; MSI ¼ myocardial salvage index.
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Siglec-9 expression, suggested to inhibit neutrophil
activation. Additionally, there was an increased
transcriptional expression of H2A, H2B, and H4, all
components of core histones, and, to some extent,
Rac (Figure 2A). Of the 89 neutrophil-imputed genes
detected in the NETs formation pathway
(Supplemental Figure 2), 14 genes were significantly
FIGURE 3 Structural Equation Modeling of Effect Pathways
of Tocilizumab

Modulation assessment showed path diagram of the direct and

indirect effects via dsDNA and H3Cit of tocilizumab on MSI

using structural equation modeling. Numbers represent the

coefficients of the indirect pathway and direct pathways of

NETs markers. (A) dsDNA: indirect pathway (0.05, 95% CI:

0.02 to 0.08, P ¼ 0.001) and direct pathway (�0.01, 95% CI:

�0.06 to 0.06, P ¼ 0.864). (B) H3Cit: indirect pathway (0.017,

95% CI: �0.0003 to 0.336, P ¼ 0.055) and direct pathway

(0.034, 95% CI: �0.023 to 0.092, P ¼ 0.246). dsDNA and

H3Cit are measured as continuous variables. dsDNA ¼ double-

stranded deoxyribonucleic acid; H3Cit ¼ citrullinated histone 3;

MSI ¼ myocardial salvage index.
regulated by tocilizumab at an individual gene level,
of which the majority were lower in the tocilizumab-
treated group (Figure 2B).

CONTRIBUTION FROM NETs ON THE EFFECT OF

TOCILIZUMAB ON MYOCARDIAL SALVAGE. In
ASSAIL-MI, the effect of tocilizumab on the MSI was
assessed by linear regression adjusted for time from
symptom onset.3 We expanded the model with the
addition of NET markers separately. As shown in
Table 2, lower coefficient values were demonstrated
when adding NET markers to the model. The coeffi-
cient for the effect of tocilizumab on MSI was 0.06
when only adjusting for time from symptom onset.
When adjusting for H3Cit, the coefficient dropped to
0.04. After adjustment for dsDNA, the coefficient
dropped further to �0.002.

Structural equation modeling was used to estab-
lish the direct and indirect pathways for the effect of
tocilizumab on MSI when including H3Cit and
dsDNA as mediators. Figure 3 shows how the indirect
effect of tocilizumab on the MSI through dsDNA and
H3Cit at 3 to 7 days is 0.05 (P ¼ 0.001) and 0.02
(P ¼ 0.055), respectively, illustrating that attenuated
NET levels may contribute to the effect of tocilizu-
mab in ASSAIL-MI.

NETs AND MYOCARDIAL INJURY AS ASSESSED BY

CARDIAC MAGNETIC RESONANCE. In a linear
regression model adjusted for age, sex, and tocilizu-
mab treatment, dsDNA and H3Cit at 3 to 7 days were
significantly associated with the MSI (Table 3). Pa-
tients in Q1-3 of dsDNA and H3Cit had larger MSIs
(b ¼ 10.9 [95% CI: 3.2-18.6], P < 0.006 [dsDNA] and
b ¼ 8.9 [95% CI: 2.0-15.9], P ¼ 0.01 [H3Cit]). There was
no association between MPO-DNA and the MSI. Also,
in a linear regression model adjusted for age, sex, and
tocilizumab treatment (Table 4), dsDNA and H3Cit
levels were both associated with infarct size as
assessed by cardiac magnetic resonance imaging after
3 to 7 days and 6 months. Based on the visualization
of quartile graphs (Supplemental Figure 3), we
dichotomized dsDNA and H3Cit between quartile 3
and 4. Patients in the lowest quartiles of dsDNA
(#392 ng/ml) and H3Cit (#3.2 ng/ml) had smaller



TABLE 3 NET Markers and the MSI

Outcome
Variable

Univariable Multivariable

Predictor
Variable Coefficient 95% CI P Value Coefficient 95% CI P Value Adjusted R2

MSI dsDNA 3-7 d �0.097 �0.146 to �0.047 <0.0001 �0.092 �0.148 to
�0.035

0.002a 0.069

H3Cit 3-7 d �1.84 �3.00 to �0.68 0.002 �1.67 �2.85 to �0.49 0.006a 0.057

All variables are measured as continuous variables. Bold indicates P value < 0.05. aAdjusted for age, sex and tocilizumab treatment.

dsDNA ¼ double-stranded deoxyribonucleic acid; H3Cit ¼ citrullinated histone 3; MSI ¼ myocardial salvage index; NET ¼ neutrophil extracellular trap.

TABLE 4

Outcome V

Infarct siz
3-7 d

Infarct siz
6 mo

All variable

dsDNA ¼
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infarct sizes at 3 to 7 days and 6 months than patients
in Q4, as shown in Figure 4. Linear regression ana-
lyses adjusted for age, sex, and tocilizumab treatment
demonstrated the same pattern for the dichotomized
NET markers (b ¼ �0.07, 95% CI: �0.01 to �0.032,
P < 0.001 [dsDNA] and b ¼ �0.05; 95% CI �0.078 to
�0-018, P ¼ 0.002 [H3Cit] at 3 to 7 days, while
b ¼ �0.06, 95% CI: �0.085 to �0.026, P < 0.001
[dsDNA] and b ¼ �0.04, 95% CI: �0.067 to �0.014,
P ¼ 0.003 [H3Cit] after 6 months). Levels of MPO-DNA
were not associated with infarct size.

Microvascular obstruction in percent of the left
ventricular volume was also significantly lower in
Q1-3 vs Q4 for dsDNA (P < 0.0001) and H3Cit
(P ¼ 0.004) (Figure 5). In a logistic regression model
adjusted for age, sex, and tocilizumab treatment, Q1-3
of dsDNA and H3Cit were associated with the absence
of microvascular obstruction with an OR of 0.42
(95% CI: 0.19-0.92, P ¼ 0.03) (dsDNA) and 0.48
(95% CI: 0.24-0.97, P ¼ 0.04) (H3Cit).

DISCUSSION

In this substudy of the ASSAIL-MI trial, we show
that tocilizumab reduced NET markers in the acute
phase of STEMI (Central Illustration). The ASSAIL-MI
trial demonstrated that tocilizumab increased the
MSI, and our findings suggest that part of this
beneficial effect of tozilizumab could be mediated
NET Markers and Infarct Size

ariable

Univariable

Predictor Variable Coefficient 95% CI

e% dsDNA 3-7 d 0.0005 0.0003–0.0007

H3Cit 3-7 d 0.01 0.005–0.016

e% dsDNA 3-7 d 0.0005 0.0003–0.0007

H3Cit 3-7 d 0.008 0.003–0.012

s are measured as continuous variables. Bold indicates P value < 0.05. aAdjusted for age, s

double-stranded deoxyribonucleic acid; H3Cit ¼ citrullinated histone 3; NET ¼ neutrophil e
through reduced formation of NETs. Low levels of
the NET markers dsDNA and H3Cit were indepen-
dently associated with higher MSI, smaller infarct
size, and less pronounced microvascular obstruc-
tion. The findings highlight the significance of
NETs in STEMI and suggest that targeted therapy
against IL-6 signaling could attenuate NET
formation.

Tocilizumab reduced serum levels of all NET
markers in this STEMI cohort. Mediation analysis
done with structural equation modeling indicated
that part of the beneficial effect of tocilizumab on the
MSI in the ASSAIL-MI trial could be mediated through
NETs. As there may be other mediators of the effect
between tocilizumab and MSI that are not included in
our model, the results must be reviewed with caution.
Nevertheless, our results support a causal association
between NET reduction and increased MSI. The
reduction at the transcriptional levels of genes
related to NET formation suggests that NETs indeed
were downregulated by tocilizumab. We have previ-
ously shown that the beneficial effect of tocilizumab
in ASSAIL-MI might be mediated through reduced
numbers of neutrophils and functional attenuation
and inhibition of degranulation in these cells.5 In the
present study, we extend these findings by showing
decreased neutrophil transcriptional levels of histone
H3, its citrullinated form, citH3, and histone deace-
tylases, all related to NETs formation. Interestingly,
Multivariable

P Value Coefficient 95% CI P Value Adjusted R2

<0.001 0.0005 0.0002–0.0007 <0.001a 0.11

<0.001 0.01 0.005–0.015 <0.001a 0.107

<0.001 0.0005 0.0003–0.0007 <0.001a 0.128

0.001 0.01 0.002–0.01 0.002a 0.083

ex and tocilizumab treatment. Infarct size as % of left ventricle.

xtracellular trap.



FIGURE 4 Association Between Dichotomized NET Markers and Infarct Size

(A and B) Quartile levels of dsDNA (Q1-3: 8-392 ng/ml, Q4: 393-672 ng/ml), H3Cit (Q1-3: 0-3.2 ng/ml, Q4: 3.3-15.5 ng/ml), and infarct size at 3 to 7 days. (C and D)

Quartile levels of dsDNA, H3Cit at 3 to 7 days, and infarct size at 6 months. P value of Wilcoxon rank-sum test comparing lower 3 quartiles (Q1-3) and Q4.

dsDNA ¼ double-stranded deoxyribonucleic acid; H3Cit ¼ citrullinated histone 3; NET ¼ neutrophil extracellular trap.
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HDAC inhibition has been shown to inhibit NETs
formation induced by activated platelets,20 and
downregulation of HDAC by tocilizumab could be
involved in the mechanisms by which tocilizumab
attenuate NETs formation in STEMI patients. More-
over, HDAC inhibition has been suggested to atten-
uate myocardial ischemia reperfusion injury,21

further supporting a beneficial role for the
tocilicumab-mediated downregulation of HDAC in
STEMI. At present, however, the mechanisms by
which tocilizumab attenuate NETs formation are not
clear. Based on the RNA seq data and the only mod-
erate correlation of NET markers with neutrophil
counts, the mechanisms seem to reflect more than
just a downregulation of numbers of circulating
neutrophils. However, we cannot exclude that the
reduced levels of NET markers in the treatment group
could involve the restraining effect tocilizumab on
the extravascular pool of neutrophil cells, preventing
the cells to enter the circulation22 and thereby
reducing potential NETs release.

Although we find lower levels of NET markers in
STEMI patients treated with tocilizumab, we have
previously reported increased levels of H3Cit and no
changes in dsDNA with tocilizumab treatment in
patients with non-ST-elevation myocardial infarc-
tion (NSTEMI).23 The reason for this discrepancy
is not clear but could reflect differences in infarct
size, differences in time from symptom onset, and
differences in comorbidities and coronary patho-
physiology between patients with STEMI and
NSTEMI.24



FIGURE 5 NET Markers and Microvascular Obstruction

MVO (% of left ventricular volume) in Q1-3 (8-392 ng/ml, n ¼ 139) and Q4 (393-672 ng/ml, n ¼ 46) of dsDNA (left) and Q1-3 (0-3.2 ng/ml, n ¼ 138) and

Q4 (3.3-15.5 ng/ml, n ¼ 46) of H3Cit (right) at 3 to 7 days. As the median value of MVO measured as a percentage of the left ventricular volume in the groups with

dsDNA Q1-3 and H3Cit Q1-3 were 0, an illustrative bar was added for visual optimization. dsDNA ¼ double-stranded deoxyribonucleic acid; H3Cit ¼ citrullinated histone

3; MVO ¼ microvascular obstruction; NET ¼ neutrophil extracellular trap.
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Circulating dsDNA and H3Cit were independently
associated with the MSI and infarct size in the acute
phase and infarct size after 6 months. To our knowl-
edge, this is the first time H3Cit has been associated
with MSI and infarct size measured with cardiac
magnetic resonance imaging. Although the original
trial only found a numerically, not statistically, sig-
nificant difference in infarct size by treatment groups,
one could argue that the statistical analyses were
prone to a type II error. We and others have previ-
ously shown similar associations between dsDNA and
measurements of cardiac function,7,15 and levels of
H3Cit have been associated with cardiovascular
outcome after STEMI.25 There are several proposed
mechanisms for how NETs contribute to the myocar-
dial injury in STEMI. Besides enhancing microvas-
cular obstruction,7 dsDNA and histones can act as
damage-associated molecular patterns,26,27 which
through toll-like receptors can lead to immune-
mediated cell death.28-30 Activated toll-like re-
ceptors may also activate the nucleotide-binding
oligomerization domain-like receptor protein 3
inflammasome in cardiomyocytes,31 which further
activates the inflammatory cascade of the IL1-IL6
pathway.17 Moreover, the pathogenic interactions
between platelets, NETs, and endothelial cells are
well established in various disorders 8,32 and may be
relevant in the setting of STEMI. Also, NETs and H3Cit
can stimulate the IL-1-IL-6 pathway,33,34 at least
partly through nucleotide-binding oligomerization
domain-like receptor protein 3 activation in macro-
phages, potentially representing a vicious cycle in
STEMI. Thus, whereas IL-1 is upstream for IL-6 in this
cascade and tocilizumab does not influence IL-1
levels,35,36 the present study shows that targeting
IL-6 signaling influences NET formation, potentially
contributing to the beneficial effects of tocilizumab in
these patients. As tocilizumab inhibits both trans-
and classical IL-6 signaling, of which the latter may at
least partly have some anti-inflammatory effects,37

forthcoming studies could also test the effects of
specific inhibition of IL-6 trans-signaling in STEMI
patients.

The relationship between serum NET markers and
myocardial injury must be interpreted with caution.
There are other sources of circulating dsDNA beyond
NETs, including necrosis in the area of the myocardial
scar. Animal studies have nevertheless repeatedly
reported that infarct size can be reduced by reducing
NETs.9,10,38 The association between NETs and
myocardial injury support NETs as possible treatment
targets in patients with STEMI.

STUDY LIMITATIONS. This study has several limita-
tions, among which are the modest sample size, the
relatively small myocardial infarctions, and the



CENTRAL ILLUSTRATION Potential Effects of NETs and the Effect of Tocilizumab on Circulating NET Markers in
Ischemia Reperfusion Injury

Kindberg KM, et al. JACC Adv. 2024;3(9):101193.

NETs contribute to excessive circulating double-stranded DNA (dsDNA) and citrullinated histone 3, which is associated with cytotoxity, inflammation, and thrombosis

in ischemia reperfusion after ST-segment elevation myocardial infarction (STEMI). Tocilizumab reduces levels of these circulating NET markers 3 to 7 days after

tocilizumab treatment administered prior to percutaneous coronoary intervention (PCI). NET ¼ neutrophil extracellular traps.
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moderate robustness of the laboratory methods. The
very modest correlation between the different circu-
lating NET markers illustrates the lack of knowledge
on the overall content of NETs in STEMI. Also, the
associations between the NET markers and the effect
of tocilizumab, as well as the extent of myocardial
necrosis, do not necessarily imply causality, although
genetic downregulation of genes related to NETs
formation along circulating markers were demon-
strated. Thrombus NET content has been reported to
be associated with clinical outcome in MI,39 and
although it was not part of the aim of this study, an-
alyses of NETs formation within the intracoronary
thrombi would have strengthened the study. Finally,
this is a substudy of the primary ASSAIL-MI study and
should be interpreted with some caution.



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: In a

substudy of the ASSAIL-MI trial, we show how a single

dose of the interleukin-6 inhibitor tocilizumab in pa-

tients with STEMI reduces NETs and how NETs asso-

ciate with myocardial injury.

TRANSLATIONAL OUTLOOK: Trials designed to

address 1) effects of NET reduction in STEMI and

2) the role of NETs in myocardial ischemia reperfusion

injury are necessary.

Kindberg et al J A C C : A D V A N C E S , V O L . 3 , N O . 9 , 2 0 2 4

Tocilizumab and NETs in STEMI S E P T E M B E R 2 0 2 4 : 1 0 1 1 9 3

12
CONCLUSIONS

Treatment with the IL-6 receptor inhibitor tocilizu-
mab reduced NETs in patients with STEMI. The
beneficial effect of tocilizumab on the MSI might be
mediated through reduction of NETs. Low serum NET
levels were independently associated with increased
MSI, smaller infarct size, and less microvascular
obstruction. Overall, these results support an impor-
tant role for NETs in STEMI and that IL-6 inhibition
attenuates NETs.

FUNDING SUPPORT AND AUTHOR DISCLOSURES

This work was supported by the South-Eastern Norway Regional

Health Authority. Roche provided the investigational medicinal

products and an unrestricted grant for the ASSAIL-MI study. Dr Broch

has received lecture and consultant fees from Amgen, AstraZeneca,

Bohringer Ingelheim, Merck, MSD, Novartis, Novo Nordisk, Pfizer,

Pharmacosmos, and Vifor Pharma. Dr Gullestad has received lecture

fees from AstraZeneca, Boehringer Ingelheim, Novartis, and Amgen;

and has been a member of local advisory board in AstraZeneca and

Boehringer Ingelheim. All other authors have reported that they have

no relationships relevant to the contents of this paper to disclose.
ADDRESS FOR CORRESPONDENCE: Dr Kristine Mørk
Kindberg, Department of Cardiology, Oslo University
Hospital Ullevål, 0455 Oslo, Norway. E-mail:
kromoe@ous-hf.no.
RE F E RENCE S
1. Yellon DM, Hausenloy DJ. Myocardial reperfu-
sion injury. N Engl J Med. 2007;357:1121–1135.

2. Hausenloy DJ, Yellon DM. Myocardial ischemia-
reperfusion injury: a neglected therapeutic target.
J Clin Invest. 2013;123:92–100.

3. Broch K, Anstensrud AK, Woxholt S, et al.
Randomized trial of interleukin-6 receptor inhibi-
tion in patients with acute ST-segment elevation
myocardial infarction. J Am Coll Cardiol. 2021;77:
1845–1855.

4. Kendziora B, Dewey M. Prognostic value of the
myocardial salvage index measured by T2-
weighted and T1-weighted late gadolinium
enhancement magnetic resonance imaging after
ST-segment elevation myocardial infarction: a
systematic review and meta-regression analysis.
PLoS One. 2020;15:e0228736.

5. Huse C, Anstensrud AK, Michelsen AE, et al.
Interleukin-6 inhibition in ST-elevation myocardial
infarction: immune cell profile in the randomised
ASSAIL-MI trial. EBioMedicine. 2022;80:104013.

6. Brinkmann V, Reichard U, Goosmann C, et al.
Neutrophil extracellular traps kill bacteria. Science.
2004;303:1532–1535.

7. Mangold A, Ondracek AS, Hofbauer TM, et al.
Culprit site extracellular DNA and microvascular
obstruction in ST-elevation myocardial infarction.
Cardiovasc Res. 2021;118:2006–2017.

8. Zhang F, Li Y, Wu J, et al. The role of extra-
cellular traps in ischemia reperfusion injury. Front
Immunol. 2022;13:1022380.

9. Ge L, Zhou X, Ji WJ, et al. Neutrophil extracel-
lular traps in ischemia-reperfusion injury-induced
myocardial no-reflow: therapeutic potential of
DNase-based reperfusion strategy. Am J Physiol
Heart Circ Physiol. 2015;308:H500–H509.

10. Savchenko AS, Borissoff JI, Martinod K, et al.
VWF-mediated leukocyte recruitment with chro-
matin decondensation by PAD4 increases
myocardial ischemia/reperfusion injury in mice.
Blood. 2014;123:141–148.

11. Mackman N, Bergmeier W, Stouffer GA,
Weitz JI. Therapeutic strategies for thrombosis:
new targets and approaches. Nat Rev Drug Discov.
2020;19:333–352.

12. Fuchs TA, Brill A, Duerschmied D, et al.
Extracellular DNA traps promote thrombosis. Proc
Natl Acad Sci U S A. 2010;107:15880–15885.

13. Wienkamp AK, Erpenbeck L, Rossaint J. Plate-
lets in the NETworks interweaving inflammation
and thrombosis. Front Immunol. 2022;13:953129.

14. Ducroux C, Di Meglio L, Loyau S, et al.
Thrombus neutrophil extracellular traps content
impair tPA-induced thrombolysis in acute ischemic
stroke. Stroke. 2018;49:754–757.

15. Helseth R, Shetelig C, Andersen GO, et al.
Neutrophil extracellular trap components asso-
ciate with infarct size, ventricular function, and
clinical outcome in STEMI. Mediat Inflamm.
2019;2019:7816491.

16. Langseth MS, Helseth R, Ritschel V, et al.
Double-stranded DNA and NETs components in
relation to clinical outcome after ST-elevation
myocardial infarction. Sci Rep. 2020;10:5007.

17. Ridker PM. From C-reactive protein to
interleukin-6 to interleukin-1: moving upstream to
identify novel targets for atheroprotection. Circ
Res. 2016;118:145–156.
18. Kessenbrock K, Krumbholz M, Schonermarck U,
et al. Netting neutrophils in autoimmune small-
vessel vasculitis. Nat Med. 2009;15:623–625.

19. Nordlund D, Klug G, Heiberg E, et al. Multi-
vendor, multicentre comparison of contrast-
enhanced SSFP and T2-STIR CMR for determining
myocardium at risk in ST-elevation myocardial
infarction. Eur Heart J Cardiovasc Imaging.
2016;17:744–753.

20. Chen Z, Liu C, Jiang Y, et al. HDAC inhibitor
attenuated NETs formation induced by activated
platelets in vitro, partially through downregulating
platelet secretion. Shock. 2020;54:321–329.

21. Xie M, Tang Y, Hill JA. HDAC inhibition as a
therapeutic strategy in myocardial ischemia/
reperfusion injury. J Mol Cell Cardiol. 2019;129:
188–192.

22. Wright HL, Cross AL, Edwards SW, Moots RJ.
Effects of IL-6 and IL-6 blockade on neutrophil
function in vitro and in vivo. Rheumatology.
2014;53:1321–1331.

23. Helseth R, Kleveland O, Ueland T, et al. Toci-
lizumab increases citrullinated histone 3 in non-ST
segment elevation myocardial infarction. Open
Heart. 2021;8:e001492.

24. Hidalgo A, Libby P, Soehnlein O, Aramburu IV,
Papayannopoulos V, Silvestre-Roig C. Neutrophil
extracellular traps: from physiology to pathology.
Cardiovasc Res. 2022;118:2737–2753.

25. Ferre-Vallverdu M, Latorre AM, Fuset MP,
et al. Neutrophil extracellular traps (NETs) in pa-
tients with STEMI. Association with percutaneous
coronary intervention and antithrombotic treat-
ments. Thromb Res. 2022;213:78–83.

mailto:kromoe@ous-hf.no
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref1
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref1
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref2
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref2
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref2
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref3
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref3
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref3
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref3
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref3
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref4
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref4
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref4
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref4
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref4
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref4
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref4
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref5
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref5
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref5
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref5
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref6
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref6
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref6
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref7
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref7
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref7
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref7
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref8
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref8
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref8
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref9
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref9
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref9
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref9
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref9
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref10
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref10
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref10
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref10
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref10
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref11
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref11
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref11
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref11
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref12
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref12
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref12
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref13
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref13
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref13
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref14
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref14
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref14
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref14
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref15
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref15
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref15
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref15
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref15
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref16
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref16
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref16
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref16
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref17
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref17
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref17
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref17
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref18
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref18
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref18
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref19
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref19
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref19
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref19
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref19
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref19
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref20
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref20
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref20
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref20
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref21
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref21
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref21
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref21
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref22
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref22
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref22
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref22
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref23
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref23
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref23
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref23
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref24
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref24
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref24
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref24
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref25
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref25
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref25
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref25
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref25


J A C C : A D V A N C E S , V O L . 3 , N O . 9 , 2 0 2 4 Kindberg et al
S E P T E M B E R 2 0 2 4 : 1 0 1 1 9 3 Tocilizumab and NETs in STEMI

13
26. Pisetsky DS. The origin and properties of
extracellular DNA: from PAMP to DAMP. Clin
Immunol. 2012;144:32–40.

27. Shah M, Yellon DM, Davidson SM. The role of
extracellular DNA and histones in ischaemia-
reperfusion injury of the myocardium. Cardiovasc
Drugs Ther. 2020;34:123–131.

28. Bergsbaken T, Fink SL, Cookson BT. Pyropto-
sis: host cell death and inflammation. Nat Rev
Microbiol. 2009;7:99–109.

29. Vande Walle L, Lamkanfi M. Pyroptosis. Curr
Biol. 2016;26:R568–R572.

30. Zhaolin Z, Guohua L, Shiyuan W, Zuo W. Role
of pyroptosis in cardiovascular disease. Cell Prolif.
2019;52:e12563.

31. Boyd JH, Mathur S, Wang Y, Bateman RM,
Walley KR. Toll-like receptor stimulation in car-
diomyoctes decreases contractility and initiates an
NF-kappaB dependent inflammatory response.
Cardiovasc Res. 2006;72:384–393.

32. Nappi F, Bellomo F, Avtaar Singh SS. Wors-
ening thrombotic complication of atherosclerotic
plaques due to neutrophils extracellular traps: a
systematic review. Biomedicines. 2023;11:113.

33. Du M, Yang L, Gu J, Wu J, Ma Y, Wang T. In-
hibition of peptidyl arginine deiminase-4 pre-
vents renal ischemia-reperfusion-induced remote
lung injury. Mediat Inflamm. 2020;2020:
1724206.

34. Warnatsch A, Ioannou M, Wang Q,
Papayannopoulos V. Inflammation. Neutrophil
extracellular traps license macrophages for cyto-
kine production in atherosclerosis. Science.
2015;349:316–320.

35. Kleveland O, Kunszt G, Bratlie M, et al. Effect
of a single dose of the interleukin-6 receptor
antagonist tocilizumab on inflammation and
troponin T release in patients with non-ST-
elevation myocardial infarction: a double-blind,
randomized, placebo-controlled phase 2 trial. Eur
Heart J. 2016;37:2406–2413.

36. Aukrust P, Kleveland O, Gullestad L. Targeting
IL-6 trans-signaling: amplifying the benefits of
IL-6 inhibition in myocardial infarction. JACC Basic
Transl Sci. 2021;6:444–446.
37. Rose-John S, Jenkins BJ, Garbers C, Moll JM,
Scheller J. Targeting IL-6 trans-signalling: past,
present and future prospects. Nat Rev Immunol.
2023;23:666–681.

38. Meara CHO, Coupland LA, Kordbacheh F, et al.
Neutralizing the pathological effects of extracel-
lular histones with small polyanions. Nat Commun.
2020;11:6408.

39. Novotny J, Chandraratne S, Weinberger T,
et al. Histological comparison of arterial thrombi
in mice and men and the influence of Cl-amidine
on thrombus formation. PLoS One. 2018;13:
e0190728.
KEY WORDS acute myocardial infarction,
ischemia/reperfusion injury, inflammation,
IL-6, NETs

APPENDIX For supplemental tables and
figures, please see the online version of this
paper.

http://refhub.elsevier.com/S2772-963X(24)00424-1/sref26
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref26
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref26
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref27
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref27
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref27
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref27
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref28
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref28
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref28
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref29
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref29
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref30
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref30
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref30
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref31
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref31
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref31
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref31
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref31
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref32
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref32
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref32
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref32
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref33
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref33
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref33
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref33
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref33
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref34
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref34
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref34
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref34
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref34
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref35
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref35
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref35
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref35
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref35
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref35
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref35
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref36
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref36
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref36
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref36
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref37
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref37
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref37
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref37
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref38
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref38
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref38
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref38
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref39
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref39
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref39
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref39
http://refhub.elsevier.com/S2772-963X(24)00424-1/sref39

	Neutrophil Extracellular Traps in ST-Segment Elevation Myocardial Infarction
	Methods
	Ethical considerations
	Study design
	Blood sampling protocol
	Laboratory analyses
	Cardiac magnetic resonance imaging
	Statistics

	Results
	Study population
	Tocilizumab treatment and NETs: serum markers
	NET markers: intercorrelation and association with neutrophil counts and platelets
	Tocilizumab treatment and NETs: modulation of NET-related pathways in neutrophils
	Contribution from NETs on the effect of tocilizumab on myocardial salvage
	NETs and myocardial injury as assessed by cardiac magnetic resonance

	Discussion
	Study Limitations

	Conclusions
	Funding support and author disclosures
	References


