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Background: Neutrophil extracellular traps NETs have been linked to glucose and the
pathogenesis of type 1 diabetes mellitus (T1DM). NETs also play a role in vascular
inflammation and the development of coronary artery disease (CAD). The role of NETs in
CAD progression in patients with long-term T1DM is unclear. We aimed to 1) investigate
whether levels of circulating NETs markers were elevated in long-term T1DM subjects
compared to controls, and 2) explore whether levels of NETs were related to the presence
of CAD.

Material and Methods: 102 patients with > 45 years of T1DM and 75 age-matched
controls were enrolled in a cross-sectional study. Median age was 62 years. Computed
tomography coronary angiography (CTCA) was performed in 148 subjects without
established coronary heart disease. For the current study, CAD was defined as a
coronary artery stenosis >50%. Double-stranded deoxyribonucleic acid (dsDNA) was
measured by a nucleic acid stain, myeloperoxidase-DNA (MPO-DNA), citrullinated histone
3 (H3Cit) and peptidylarginine deiminase 4 (PAD4) by ELISAs, while gene expression of
PAD4 was measured in leukocytes from PAXgene tubes.

Results: Circulating MPO-DNA levels were significantly lower in patients with T1DM than
in controls (0.17 vs 0.29 OD, p<0.001), while dsDNA, H3Cit, PAD4 and gene expression
of PAD4 did not differ with respect to the presence of T1DM. There were no significant
associations between NETs markers and HbA1c in the T1DM group. None of the NETs
markers differed according to the presence of CAD in patients with T1DM. While all
circulating NETs markers correlated significantly with circulating neutrophils in the control
group (r=0.292-393, p<0.014), only H3Cit and PAD4 correlated with neutrophils in the
T1DM group (r= 0.330-0.449, p ≤ 0.001).

Conclusions: In this cross-sectional study of patients with long-term T1DM and age-
matched controls, circulating NETs levels were not consistently associated with the
presence of T1DM or glycemic status, and did not differ according to the presence of CAD
org January 2022 | Volume 12 | Article 7995391
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in patients with T1DM. Our results entail the possibility of altered neutrophil function and
reduced NETosis in T1DM. This warrants further investigation.
Keywords: neutrophil extracellular traps, glucose, neutrophils, NETs, coronary artery disease, type 1 diabetes mellitus
INTRODUCTION

Neutrophils play a pivotal role in innate immunity by cytokine
production, phagocytosis, and release of neutrophil extracellular
traps (NETs) (1, 2). NETs are extruded, decondensed neutrophil
chromatin and granular enzymes that form extracellular mesh-like
structures upon neutrophil activation. NETs formation is often
referred to as NETosis. The molecular process of NETosis is not
fully understood, but crucial events are suggested to involve the
production of reactive oxygen species (ROS) and decondensation of
neutrophil chromatin by the enzyme peptidylarginine deiminase 4
(PAD4) (3). With cell membrane rupture, spindle-like structures of
double-stranded deoxyribonucleic acid (dsDNA), histones and
neutrophil proteins are released into the extracellular space as
NETs (4).

There are numerous activators of NETosis, including
interleukins, lipopolysaccharide, gram-positive and negative
bacteria, cholesterol crystals, and fungi (3). Hyperglycemia has
also been reported to initiate NETosis. This is hypothesized to be
related to increase in ROS caused by effects of glucose on
NADPH oxidase and the mitochondria (5–8).

Studies have shown a reduced number of circulating
neutrophils in patients with prediabetes or early-onset type 1
diabetes mellitus (T1DM) (9), thought to be caused by a
combination of reduced bone marrow production and
increased peripheral destruction. The latter could be linked to
increased NETosis (9). Some studies suggest normalization of
neutrophil counts after several years, but the data herein is
limited (9–11). Animal and human studies have demonstrated
significant correlations between markers of NETosis and
autoantibodies against beta-cell antigens (12), well in line with
the hypothesis that NETs could be of relevance in the T1DM
pathogenesis. Long-term diabetic complications, like micro-and
macroangiopathy, have also been suggested to be related to
NETosis (10, 13, 14).

There is growing evidence for the role of NETs in non-
infectious conditions like autoimmune, metabolic, and
cardiovascular diseases (15). NETosis has been extensively
studied in the setting of atherosclerosis and atherothrombosis
(16, 17) and seems to stimulate several mechanisms in
atherogenesis, enhance thrombus formation and increase
plaque vulnerability (18, 19). Clinical trials have lately
demonstrated NETs markers to predict adverse cardiac
outcomes in coronary artery disease (CAD) (20–22).

The exaggerated risk of CAD in long-term T1DM is well
established (23, 24). Whether NETs are associated with diabetic
CAD progression is unknown. We aimed to investigate whether
levels of circulating NETs markers were elevated in long-term
T1DM subjects compared to controls without diabetes, as well as
org 2
explore whether levels of NETs were related to the presence
of CAD.
MATERIALS AND METHODS

Study Design and Participants
This is a sub-study of the Dialong study, which is a cross-
sectional controlled study on long-term survivors of T1DM
conducted in 2015 (25, 26). Patients were recruited from a
specialized T1DM outpatients’ clinic, the Norwegian Diabetics’
Center (NDC) in Oslo, Norway. T1DM was clinically defined as
a medical history characteristic of the disease, glycated
hemoglobin (HbA1c) ≥ 48 mmol/mol (6.5%), and lack of
insulin production as evidenced by a fasting c-peptide
concentration <0.2 pmol/mL. All T1DM patients diagnosed
before 1970 attending the NDC in 2015 were invited to
participate and were asked to find participants for the control
group by either asking their spouse or a close friend. Exclusion
criteria herein were 1st-degree relatives and a known diagnosis of
diabetes or HbA1c ≥ 48 mmol/mol (6.5%). All together 102
T1DM subjects and 75 controls were included. The regional
ethics committee approved the study (project no. 2014/851), and
the study conformed to the Declaration of Helsinki. All
participants signed an informed consent.

Clinical data was collected from patient charts at NDC and a
clinical examination during the first visit. All participants
without established CAD were referred to computed
tomography coronary angiography (CTCA) within a few
months. Details of the CTCA procedure has been published
earlier (26). Exclusion criteria for CTCA were eGFR <45 mL/
min/1.73m2 or a fast irregular heart rate. All CT scans were
analyzed by an experienced radiology consultant. The reports
were reviewed and evaluated by a cardiologist for consideration
of optimal medical treatment (OMT) or referral to invasive
coronary angiography.
Laboratory Methods
Blood samples were collected in fasting conditions between 08.00
and 10.30 at inclusion. Routine analyses were performed by
conventional laboratory methods (Sysmex XN 9000, Sysmex
Europe GmbH, Hamburg DE). Serum was prepared by
centrifugation at room temperature within 1 h at 2500 g for
10 min for the analysis of citrullinated histone 3 (H3Cit) and
PAD4, and EDTA plasma was prepared by centrifugation 2500 g
for 20 min at 4°C for analyses of dsDNA and myeloperoxidase
(MPO)-DNA. PAXGene Blood RNA tubes (Pre-Analytix
GmbH, Hombrechtikon, Switzerland) were collected for RNA
January 2022 | Volume 12 | Article 799539
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isolation. All materials were kept frozen at −80°C until further
preparation and analysis.

dsDNA (ng/ml) was measured using Quant-iT™

PicoGreen®, a commercially available fluorescent nucleic acid
stain. A standard calibration curve was prepared using thymus
DNA of a known concentration, provided with the Quant-iT™

kit. PicoGreen® was added to diluted EDTA plasma, and
fluorescence was measured by use of Fluoroskan Ascent®

fluorometer, Thermo Fisher,Scientific Oy, Vantaa, Finland).
DNase-free water was used for dilutions to minimise
background fluorescence. The inter-assay coefficients of
variation were 9.4%. The reproducibility in our lab has been
validated in other and larger populations, with CVs ranging from
6.3% to 8.2% (6, 20, 21).

MPO-DNA was quantified by an in-house enzyme-linked
immunosorbent assay (ELISA), as described by Kessenbroch at al
(27). In brief, plates were coated and incubated overnight with the
capture antibody anti-MPO (AbD Serotec, Hercules, CA, USA)
and, after blocking with bovine serum albumin (BSA), patient
plasma and a peroxidase-labeled anti-DNA antibody (Cell Death
Detection Kit, Roche Diagnostics GmbH, Mannheim, Germany)
were added. A peroxidase substrate was added after 2 hours of
incubation, and after 40 min absorbance was measured as optical
density (OD) units. The inter-assay coefficients of variation were
7.8%. The reproducibility in our lab has been validated with CVs
ranging from 7.8% - 9.1% (6, 20, 21).

H3Cit and PAD4 were determined by commercially available
ELISA kits (Cayman Chemical, Ann Arbor, MI, USA). The inter-
assay coefficients of variation were 7.3% and 3.4%, respectively,
which is accordance with the manufacturer’s indications.

For gene expression of PAD4, total RNA was isolated using the
PAXGene Blood RNA kit (Qiagen GmbH for PreAnalytix, Hilden,
Germany), with an extra cleaning step (RNeasy MinElute Cleanup
kit;Qiagen), both according to themanufacturers’ instructions. RNA
purity and quantity were determined by the Nano Drop™ 1000
Spectrophotometer (Thermo Scientific, Wilmington, DE, USA).
Equal amount of total RNA per experiment (100 ng) was reversely
transcribed into complementary DNA (cDNA) by the use of qScript
cDNA SuperMix (Quanta BioSciences, Inc., Gaithersburg, USA).
Expression of PAD4 mRNA was assessed by real-time polymerase
chain reaction (RT-PCR) on the ViiA 7 Instrument (Applied
Biosystems, by Life Technologies, Foster City CA, USA) using
TaqMan Universal PCR Master Mix, No AmpErase UNG, and the
PAD4 TaqMan assay (Hs01057483_m1). PAD4 mRNA levels were
measured as relative quantification (RQ) (2-DDCt method) with beta-
2-microglobulin (b2M) as the housekeeping gene (Assay ID
Hs99999907_m1) (all Applied Biosystems).

Clinical Outcome
Undiagnosed obstructive CAD was defined as the presence of a
stenosis resulting in >50% lumen reduction in at least one
coronary artery on CTCA. Absent CAD was defined as no
plaque in any coronary artery on CTCA, while previous CAD
was defined as either a previous episode of acute coronary
syndrome, angina pectoris diagnosed by a cardiologist, or a
previous revascularization procedure. Total CAD was defined
as either previous CAD or obstructive CAD. We also defined
Frontiers in Immunology | www.frontiersin.org 3
three subgroups of coronary calcium score (CCS), based on
previous reports (28): CCS 0, CCS 1-100, and CCS > 100.

Statistical Analysis
The unpaired Student t-test and Mann–Whitney U test were
used for group comparisons of continuous data with normal or
skewed distributions, as appropriate. Categorical data were
evaluated by the chi square test. The Kruskal–Wallis test was
used to compare more than two groups. Correlation analyses
were performed using Spearman’s rho. The significance level was
set at p < 0.05. All analyses were performed using SPSS version
26 (IBM SPSS Inc., Armonk, NY: IBM Corp.).
RESULTS

Characteristics of the Participants
Clinical and demographic characteristics of the study population
are summarized in Table 1. There was no significant difference in
leucocyte count or neutrophil count. The participants in the
diabetes group had an average of 49 ± 4 years with T1DM, an
average mean HbA1c during the follow-up time of 64 ± 8 mmol/
mol, and an average current HbA1c of 57 ± 9 mmol/mol.

Levels of NETs Markers
Circulating dsDNA, MPO-DNA and H3Cit were available in all
subjects (n=177), except one, whereas circulating PAD4 was
available in 161 subjects due to lack of sample material. PAD4
gene expression was available in 169 subjects in which PaxGene
tubes were available.

Circulating MPO-DNA levels were significantly lower in
patients with T1DM than in controls (0.17 vs 0.29 OD,
p<0.001), while circulating dsDNA, H3Cit, PAD4 and gene
expression of PAD4 did not differ with respect to the presence
of T1DM (Figure 1).

In the T1DM group, there were no significant correlations
between current HbA1c and any NETs marker (r = -0.040-0.107,
p = 0.513-0.898) (Figure 2). Then were neither no correlations
between mean HbA1c and any NETs marker in the T1DM group
(r=-0.083 – 0.077, p = 0.444-0.487). Also, when dividing current
HbA1c in quartiles, no significant associations towards NETs
markers were observed in the T1DM group (Supplementary
Figure 1). Beyond for dsDNA in the control group (r = 0.243, p =
0.041), there were no significant correlations between fasting
glucose and the NETs markers (Figures 3A, B).

Levels of NETs Markers and CAD
The number of individuals with CAD in the T1DM and control
group were 35 (34%) and 9 (12%), respectively. Circulating
dsDNA, MPO-DNA, H3Cit and PAD4 did not differ according
to the presence of CAD, neither in the T1DM nor in the control
group (Table 2). H3Cit were non-significantly elevated in
patients with T1DM and CAD compared to those without
CAD. Gene expression of PAD4 were significantly higher in
controls with CAD than in controls without CAD (Table 2).

In the T1DM group, 12 (12%) had a CCS of 0, 29 (28%) had
CCS 1-100, and 43 (42%) had CCS > 100. Equivalent numbers
January 2022 | Volume 12 | Article 799539
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for the control group were 29 (39%), 21 (28%) and, 9 (12%),
respectively. We did not find any significant differences between
CCS subgroups and any NETs marker, neither in the total cohort
nor in the groups separately (Figure 4). Correlation between
CCS and the markers of NETs are included in supplementary
materials (Supplementary Figure 2).
Frontiers in Immunology | www.frontiersin.org January 2022 | Volume 12 | Article 7995394
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Levels of NETs Markers and Neutrophil
Cell Count
While all circulating NETs markers correlated significantly with
circulating neutrophils in the control group (r=0.292-393,
p<0.014) (Figure 5A), only H3Cit and PAD4 correlated with
neutrophils in the T1DM group (r= 0.330-0.449, p ≤ 0.001)
TABLE 1 | Clinical and demographic characteristics of the study population.

T1DM group (n = 102) Control group (n = 75) P

Age 61.9 ± 7.1 62.6 ± 7.0 0.517
Sex, male 51 (50) 34 (45) 0.54
BMI kg/m2 26.2 ± 4.0 27,5 ± 16.2 0.43
sBP mmHg 146.0 ± 19.6 137.2 ± 19.5 0.004
dBP mmHg 75.0 ± 8.3 81.2 ± 9.2 <0.001
Current HbA1c mmol/mol 57 ± 9 37 ± 3 <0.001
Mean HbA1c mmol/mol* 64 ± 8
Leukocyte count 109/L 6.4 ± 1.7 6.1 ± 2.2 0.284
Neutrophil count 109/L 3.4 ± 1.2 3.3 ± 1.7 0.576
CRP mg/L 2.7 ± 3.9 2.2 ± 5.8 0.550
Total cholesterol mmol/L 5.0 ± 1.0 5.8 ± 1.2 <0.001
HDL cholesterol mmol/L 2.1 ± 0.6 1.7 ± 0.5 <0.001
LDL cholesterol mmol/L 2.7 ± 0.8 3.8 ± 0.8 <0.001
TG mmol/L 0.9 ± 0.4 1.1 ± 0.6 0.003
Fasting glucose mmol/L 8.6 ± 3.5 5.2 ± 0.6 <0.001
Medications
Statin (%) 54 (54%) 9 (14%) <0.001
Aspirin (%) 33 (33%) 8 (13%) 0.004
Clopidogrel (%) 1 (1%) 0 0,433
Anticoagulation (%) 5 (5%) 1 (1%) 0.195
Values are given as mean ( ± SD) or numbers (%), as appropriate. T1DM, type 1 diabetes mellitus; BMI, body mass index; sBP, systolic blood pressure; dBP, diastolic blood pressure
HbA1c, glycated hemoglobin; CRP, C-reactive protein; Tot, total; HDL, high density lipoprotein; LDL, low density lipoprotein; TG, triglyceride. *Based on the mean value during 30 years o
measurements (25).
Bold font indicates statistical significance.
FIGURE 1 | NETs marker levels according to presence of T1DM. Boxplot-
The line inside the boxes represent the median, the box boundaries the 25th

and 75th percentiles, while the lower and upper lines represent the 10th and
90th percentiles. T1DM, type 1 diabetes mellitus; dsDNA, double-stranded
deoxyribonucleic acid; MPO-DNA, myeloperoxidase-DNA; H3Cit, citrullinated
histone 3; PAD4, peptidylarginine deiminase 4.
FIGURE 2 | Correlations between NETs markers and current HbA1c in
T1DM. Scatter graphs with trend line showing correlations between markers
of NETs and HbA1c in TIDM. T1DM, type 1 diabetes mellitus; dsDNA,
double-stranded deoxyribonucleic acid; MPO-DNA, myeloperoxidase-DNA;
H3Cit, citrullinated histone 3; PAD4, peptidylarginine deiminase 4.
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(Figure 5B). The same pattern was observed for total leukocyte
count (Supplementary Table 1).
Intercorrelation Between Circulating PAD4
and Other NETs Markers
As a novel, unestablished circulating marker of NETs, circulating
PAD4 were significantly correlated to MPO-DNA and H3Cit in the
Frontiers in Immunology | www.frontiersin.org 5
total population (r = 0.321, p < 0.001 and r = 0.599, p < 0.001,
respectively) and in the groups separately (SupplementaryFigure3).
DISCUSSION

In this cross-sectional study of patients with long-term T1DM and
age-matched controls, circulating levels of NETs markers were
A

B

FIGURE 3 | Correlations between NETs markers and fasting glucose in T1DM and controls. Scatter graphs with trend line showing correlations between markers of
NETs and fasting glucose in TIDM (A) and in controls (B). T1DM, type 1 diabetes mellitus; dsDNA, double-stranded deoxyribonucleic acid; MPO-DNA,
myeloperoxidase-DNA; H3Cit, citrullinated histone 3; PAD4, peptidylarginine deiminase 4.
January 2022 | Volume 12 | Article 799539
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inconsistently associated with the presence of T1DM, shown by
lower MPO-DNA levels in T1DM patients than in controls. NETs
marker levels did not differ according to the presence of CAD. The
circulating NETs markers were in general associated with
neutrophil cell count in controls, but not in T1DM patients.
Gene expression of PAD4 was associated with neutrophil cell
Frontiers in Immunology | www.frontiersin.org
 6
count only in the T1DM group. Our results entail the possibility of
altered neutrophil function and NETosis in T1DM.

Although hyperglycemia per se seems to increase NETs
formation (5–8), previous studies on NETs in T1DM are
inconsistent as to whether T1DM is associated with higher or
lower NETs (10). Most studies assessing NETs markers in T1DM
have been performed at the time of T1DM diagnosis or within
the first few years (10). Markers of NETs in long-term T1DM
have not previously been reported. Whether chronic
hyperglycemia affects NETosis is unclear, although it could be
hypothesized based on our findings. Also, the general lack of
associations between neutrophil cell count and NETs markers,
and the discrepancy in PAD4 gene expression and NETs markers
in the T1DM group support this hypothesis.

The interplay between NETs and CAD is indisputable (19, 29).
Still, to the best of our knowledge, NETs-related effects on CAD in
patients with T1DM, either short- or long-term, have not been
reported. We could not demonstrate any significant differences in
circulating dsDNA, MPO-DNA, H3Cit, PAD4 and gene expression
of PAD4 in accordance with the presence of CAD in the T1DM
group. This might indicate that other mechanisms than NETosis is
responsible for the accelerated atherosclerosis in T1DM.

A number of studies have assessed neutrophil function and
count in T1DM, with diverging results (10). However, the
current hypothesis is that patients with long-term T1DM most
likely have some degree of neutrophil dysfunction (30–33).
Whether this is due to the hyperglycemia per se, or a primary
neutrophil defect is not known (31, 34). Given the lower levels of
MPO-DNA in the T1DM group and overall absent link between
neutrophil count and circulating NETs markers (except for H3cit
and PAD4) in the T1DM group, our results are in line with a
long-term T1DMmediated altered neutrophil function. Whether
this indeed reduces NETosis is currently unclear.

Several markers are frequently used as surrogate markers of
NETs (35). PAD4 activation is considered a crucial event during
NETosis, yet protein levels of circulating PAD4 are not regarded
as a traditional NETs marker. In our study, circulating PAD4
levels correlated with both circulating MPO-DNA and H3Cit.
This indicate that circulating PAD4 levels could be a potential
valuable marker of NETosis.

This study carries some limitations. CTCA is best for imaging
of calcified coronary artery plaques, not for lipid-rich plaques
prone to rupture and thrombosis. Although the technology is
TABLE 2 | Levels of NETs markers according to the presence of CAD.

dsDNA (ng/ml) MPO-DNA (OD) H3Cit (ng/ml) PAD4 (ng/ml) PAD4 mRNA (RQ)

T1DM
CAD+ 460 (411, 538) 0.16 (0.11, 0.28) 12.3 (5.4, 14.9) 4.0 (2.0, 9.5) 1.05 (0.85, 1.22)
CAD - 463 (430, 518) 0.19 (0.13, 0.36) 5.6 (4.2, 11.9) 3.7 (1.8, 8.3) 0.93 (0.63, 1.51)
p 0.846 0.325 0.071 0.445 0.232
Control
CAD+ 503 (429, 519) 0.18 (0.14, 0.84) 8.4 (3.3, 14.3) 4.6 (2.0, 9.5) 1.32 (0.98, 1.97)
CAD - 457 (429, 507) 0.33 (0.16, 0.55) 7.5 (4.7, 11.7) 4.2 (2.2, 6.6) 0.88 (0.49, 1.24)
p 0.491 0.529 0.854 0.792 0.017
January 2022 | Volume
Values are given as median (25, 75 percentiles). T1DM, type 1 diabetes mellitus; CAD, coronary artery disease; dsDNA, double-stranded deoxyribonucleic acid; MPO-DNA,
myeloperoxidase-DNA; H3Cit, citrullinated histone 3; PAD4, peptidylarginine deiminase 4.
Bold font indicates statistical significance.
FIGURE 4 | NETs marker levels according to coronary calcium score (CCS).
Boxplot- The line inside the boxes represent the median, the box boundaries
the 25th and 75th percentiles, while the lower and upper lines represent the
10th and 90th percentiles. T1DM, type 1 diabetes mellitus; dsDNA, double-
stranded deoxyribonucleic acid; MPO-DNA, myeloperoxidase-DNA; H3Cit,
citrullinated histone 3; PAD4, peptidylarginine deiminase 4. The p-value refer
to difference between the three groups.
12 | Article 799539
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progressing rapidly, CTCA is currently not considered as the gold
standard for diagnosing obstructive CAD. It should be emphasized
that differences in the use of medications, serum lipids, and blood
pressure may have masked the results. In particular, use of statins,
aspirin, and P2Y12 inhibitors have all been shown to alter NETosis
(36–38). There was significant more use of statin and aspirin the
diabetic patients with CAD, compared to those without CAD.
With the exception of MPO-DNA being lower in the patients with
T1DM using statin (p=0.034), there was no difference in the NETs
markers concerning the use of statins and aspirin in any group.
The fact that the control group primarily consisted of spouses with
Frontiers in Immunology | www.frontiersin.org 7
similar environmental exposures might, e.g., by dietary habits,
undervalue the effects of T1DM. Due to the relatively few
participants, although many considering studying long-term
T1DM, we cannot exclude type II errors. Due to few
participants in the control group with CAD (n=9), it is difficult
to conclude whether NETs are linked to CAD in this group.

In summary, in this cross-sectional study of patients with
long-term T1DM and age-matched controls, circulating NETs
levels were not consistently associated with the presence of
T1DM or glycemic status. Markers of NETs did not differ
according to the presence of CAD in patients with T1DM. Our
A

B

FIGURE 5 | Correlation between NETs markers and neutrophil count. Scatter graphs with trend line showing correlations between markers of NETs and neutrophil
count in TIDM (A) and controls (B). T1DM, type 1 diabetes mellitus; dsDNA, double-stranded deoxyribonucleic acid; MPO-DNA, myeloperoxidase-DNA; H3Cit,
citrullinated histone 3; PAD4, peptidylarginine deiminase 4.
January 2022 | Volume 12 | Article 799539
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results entail the possibility of altered neutrophil function and
reduced NETosis in T1DM. This warrants further investigation.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.
ETHICS STATEMENT

The Norwegian Regional Committees for Medical and Health
Research Ethics—South East (project no. 2014/851) approved
the study. The patients/participants provided their written
informed consent to participate in this study.
AUTHOR CONTRIBUTIONS

RH, TO, IS, and SA were central in the conception and design of
this substudy, while IS, KH, and TB participated in the design of
the original study. Analysis and interpretation of the data was
performed by RH, TO, IS, and SA. SA prepared the initial draft,
Frontiers in Immunology | www.frontiersin.org 8
and all authors contributed substantively to review and editing of
the manuscript. All authors have approved the final manuscript
and have agreed to be accountable for the accuracy and integrity
of the work.
FUNDING

This work was supported by the Oslo Diabetes Research Centre and
the Norwegian Diabetics’ Centre, as well as the Stein Erik Hagen
Foundation for Clinical Heart Research, Oslo, Norway.
ACKNOWLEDGMENTS

Thanks to the staff at the Center for Clinical Heart Research for
excellent laboratory assistances.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2021.799539/
full#supplementary-material
REFERENCES

1. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS,
et al. Neutrophil Extracellular Traps Kill Bacteria. Science (2004) 303
(5663):1532–5. doi: 10.1126/science.1092385

2. Nauseef WM, Borregaard N. Neutrophils at Work. Nat Immunol (2014) 15
(7):602–11. doi: 10.1038/ni.2921

3. Vorobjeva NV, Chernyak BV. NETosis: Molecular Mechanisms, Role in
Physiology and Pathology. Biochem (Mosc) (2020) 85(10):1178–90. doi:
10.1134/S0006297920100065

4. Rohrbach A, Slade D, Thompson P, Mowen K. Activation of PAD4 in NET
Formation. Front Immunol (2012) 3(360). doi: 10.3389/fimmu.2012.00360

5. Rodriguez-Espinosa O, Rojas-Espinosa O, Moreno-Altamirano MM, Lopez-
Villegas EO, Sanchez-Garcia FJ. Metabolic Requirements for Neutrophil
Extracellular Traps Formation. Immunology (2015) 145(2):213–24. doi:
10.1111/imm.12437

6. Helseth R, Knudsen EC, Eritsland J, Opstad TB, Arnesen H, Andersen GO,
et al. Glucose Associated NETosis in Patients With ST-Elevation Myocardial
Infarction: An Observational Study. BMC Cardiovasc Disord (2019) 19
(1):221. doi: 10.1186/s12872-019-1205-1

7. Menegazzo L, Ciciliot S, Poncina N, Mazzucato N, Persano M, Bonora B, et al.
NETosis is Induced by High Glucose and Associated With Type 2 Diabetes.
Acta Diabetol (2015) 52(3):497–503. doi: 10.1007/s00592-014-0676-x

8. Miyoshi A, Yamada M, Shida H, Nakazawa D, Kusunoki Y, Nakamura A,
et al. Circulating Neutrophil Extracellular Trap Levels in Well-Controlled
Type 2 Diabetes and Pathway Involved in Their Formation Induced by High-
Dose Glucose. Pathobiology (2016) 83(5):243–51. doi: 10.1159/000444881

9. Valle A, Giamporcaro GM, Scavini M, Stabilini A, Grogan P, Bianconi E, et al.
Reduction of Circulating Neutrophils Precedes and Accompanies Type 1
Diabetes. Diabetes (2013) 62(6):2072–7. doi: 10.2337/db12-1345

10. Njeim R, Azar WS, Fares AH, Azar ST, Kfoury Kassouf H, Eid AA. NETosis
Contributes to the Pathogenesis of Diabetes and its Complications. J Mol
Endocrinol (2020) 65(4):R65–76. doi: 10.1530/JME-20-0128

11. Battaglia M. Neutrophils and Type 1 Autoimmune Diabetes. Curr Opin
Hematol (2014) 21(1):8–15. doi: 10.1097/MOH.0000000000000008
12. Wang Y, Xiao Y, Zhong L, Ye D, Zhang J, Tu Y, et al. Increased Neutrophil
Elastase and Proteinase 3 and Augmented NETosis are Closely Associated
With b-Cell Autoimmunity in Patients With Type 1 Diabetes. Diabetes (2014)
63(12):4239–48. doi: 10.2337/db14-0480

13. Parackova Z, Zentsova I, Vrabcova P, Klocperk A, Sumnik Z, Pruhova S, et al.
Neutrophil Extracellular Trap Induced Dendritic Cell Activation Leads to Th1
Polarization in Type 1 Diabetes. Front Immunol (2020) 11:661. doi: 10.3389/
fimmu.2020.00661

14. Leslie RD, Bradford C. Autoimmune Diabetes: Caught in a NET. Diabetes
(2014) 63(12):4018–20. doi: 10.2337/db14-1382

15. Papayannopoulos V. Neutrophil Extracellular Traps in Immunity and
Disease. Nat Rev Immunol (2018) 18(2):134–47. doi: 10.1038/nri.2017.105

16. Thålin C, Hisada Y, Lundström S, Mackman N, Wallén H. Neutrophil
Extracellular Traps: Villains and Targets in Arterial, Venous, and Cancer-
Associated Thrombosis. Arterioscler Thromb Vasc Biol (2019) 39(9):1724–38.
doi: 10.1161/ATVBAHA.119.312463

17. Döring Y, Soehnlein O, Weber C. Neutrophil Extracellular Traps in
Atherosclerosis and Atherothrombosis. Circ Res (2017) 120(4):736–43. doi:
10.1161/CIRCRESAHA.116.309692

18. Döring Y, Libby P, Soehnlein O. Neutrophil Extracellular Traps Participate in
Cardiovascular Diseases: Recent Experimental and Clinical Insights. Circ Res
(2020) 126(9):1228–41. doi: 10.1161/CIRCRESAHA.120.315931

19. Qi H, Yang S, Zhang L. Neutrophil Extracellular Traps and Endothelial
Dysfunction in Atherosclerosis and Thrombosis. Front Immunol (2017) 8
(928). doi: 10.3389/fimmu.2017.00928

20. Langseth MS, Opstad TB, Bratseth V, Solheim S, Arnesen H, Pettersen A, et al.
Markers of Neutrophil Extracellular Traps are Associated With Adverse
Clinical Outcome in Stable Coronary Artery Disease. Eur J Prev Cardiol
(2018) 25(7):762–9. doi: 10.1177/2047487318760618

21. Langseth MS, Helseth R, Ritschel V, Hansen CH, Andersen G, Eritsland J,
et al. Double-Stranded DNA and NETs Components in Relation to Clinical
Outcome After ST-Elevation Myocardial Infarction. Sci Rep (2020) 10
(1):5007. doi: 10.1038/s41598-020-61971-7

22. Helseth R, Shetelig C, Andersen G, Langseth MS, Limalanathan S, Opstad TB,
et al. Neutrophil Extracellular Trap Components Associate With Infarct Size,
January 2022 | Volume 12 | Article 799539

https://www.frontiersin.org/articles/10.3389/fimmu.2021.799539/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.799539/full#supplementary-material
https://doi.org/10.1126/science.1092385
https://doi.org/10.1038/ni.2921
https://doi.org/10.1134/S0006297920100065
https://doi.org/10.3389/fimmu.2012.00360
https://doi.org/10.1111/imm.12437
https://doi.org/10.1186/s12872-019-1205-1
https://doi.org/10.1007/s00592-014-0676-x
https://doi.org/10.1159/000444881
https://doi.org/10.2337/db12-1345
https://doi.org/10.1530/JME-20-0128
https://doi.org/10.1097/MOH.0000000000000008
https://doi.org/10.2337/db14-0480
https://doi.org/10.3389/fimmu.2020.00661
https://doi.org/10.3389/fimmu.2020.00661
https://doi.org/10.2337/db14-1382
https://doi.org/10.1038/nri.2017.105
https://doi.org/10.1161/ATVBAHA.119.312463
https://doi.org/10.1161/CIRCRESAHA.116.309692
https://doi.org/10.1161/CIRCRESAHA.120.315931
https://doi.org/10.3389/fimmu.2017.00928
https://doi.org/10.1177/2047487318760618
https://doi.org/10.1038/s41598-020-61971-7
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Grøver Aukrust et al. NETosis and CAD in T1DM
Ventricular Function, and Clinical Outcome in STEMI. Mediators Inflamm
2019 (2019) p:7816491. doi: 10.1155/2019/7816491

23. Orchard TJ, Costacou T, Kretowski A, Nesto RW. Type 1 Diabetes and
Coronary Artery Disease. Diabetes Care (2006) 29(11):2528–38. doi: 10.2337/
dc06-1161

24. de Ferranti SD, de Boer IH, Fonseca V, Fox CS, Golden SH, Lavie CJ, et al.
Type 1 Diabetes Mellitus and Cardiovascular Disease: A Scientific Statement
From the American Heart Association and American Diabetes Association.
Diabetes Care (2014) 37(10):2843–63. doi: 10.2337/dc14-1720

25. Holte KB, Juel NG, Brox JI, Hanssen KF, Fosmark DS, Sell DR, et al. Hand,
Shoulder and Back Stiffness in Long-Term Type 1 Diabetes; Cross-Sectional
Association With Skin Collagen Advanced Glycation End-Products. The
Dialong Study. J Diabetes Complications (2017) 31(9):1408–14. doi:
10.1016/j.jdiacomp.2017.06.007

26. Holte KB, Svanteson M, Hanssen KF, Haig Y, Solheim S, Berg TJ.
Undiagnosed Coronary Artery Disease in Long-Term Type 1 Diabetes. The
Dialong Study. J Diabetes Complications (2019) 33(5):383–9. doi: 10.1016/
j.jdiacomp.2019.01.006

27. Kessenbrock K, Krumbholz M, Schönermarck U, BackW, Gross WL, Werb Z,
et al. Netting Neutrophils in Autoimmune Small-Vessel Vasculitis. Nat Med
(2009) 15(6):623–5. doi: 10.1038/nm.1959

28. Greenland P, Blaha MJ, Budoff MJ, Erbel R, Watson KE. Coronary Calcium
Score and Cardiovascular Risk. J Am Coll Cardiol (2018) 72(4):434–47. doi:
10.1016/j.jacc.2018.05.027

29. Petretto A, Bruschi M, Pratesi F, Croia C, Candiano G, Ghiggeri G, et al.
Neutrophil Extracellular Traps (NET) Induced by Different Stimuli: A
Comparative Proteomic Analysis. PloS One (2019) 14(7):e0218946. doi:
10.1371/journal.pone.0218946

30. Dowey R, Iqbal A, Heller SR, Sabroe I, Prince LR. A Bittersweet Response to
Infection in Diabetes; Targeting Neutrophils to Modify Inflammation and
Improve Host Immunity. Front Immunol (2021) 12:678771. doi: 10.3389/
fimmu.2021.678771

31. Battaglia M, Petrelli A, Vecchio F. Neutrophils and Type 1 Diabetes: Current
Knowledge and Suggested Future Directions. Curr Opin Endocrinol Diabetes
Obes (2019) 26(4):201–6. doi: 10.1097/MED.0000000000000485

32. Huang J, Xiao Y, Xu A, Zhou Z. Neutrophils in Type 1 Diabetes. J Diabetes
Invest (2016) 7(5):652–63. doi: 10.1111/jdi.12469
Frontiers in Immunology | www.frontiersin.org 9
33. Alba-Loureiro TC, Munhoz CD, Martins JO, Cerchiaro GA, Scavone C, Curi
R, et al. Neutrophil Function and Metabolism in Individuals With Diabetes
Mellitus. Braz J Med Biol Res (2007) 40(8):1037–44. doi: 10.1590/S0100-
879X2006005000143

34. Insuela D, Coutinho D,MartinsM, FerreroM, Carvalho V. Neutrophil Function
Impairment Is aHost Susceptibility Factor toBacterial Infection inDiabetes.Cells
Immune Syst (2019) 2019:1–22. doi: 10.5772/intechopen.86600

35. Masuda S, Nakazawa D, Shida H, Miyoshi A, Kusunoki Y, Tomaru U, et al.
NETosis Markers: Quest for Specific, Objective, and Quantitative Markers.
Clin Chim Acta (2016) 459:89–93. doi: 10.1016/j.cca.2016.05.029

36. Mutua V, Gershwin LJ. A Review of Neutrophil Extracellular Traps (NETs) in
Disease: Potential Anti-NETs Therapeutics. Clin Rev Allergy Immunol (2021)
61(2):194–211. doi: 10.1007/s12016-020-08804-7

37. Mansour A, Bachelot-Loza C, Nesseler N, Gaussem P, Gouin-Thibault I. P2Y
(12) Inhibition Beyond Thrombosis: Effects on Inflammation. Int J Mol Sci
(2020) 21(4):1391. doi: 10.3390/ijms21041391

38. Chow OA, von Köckritz-Blickwede M, Bright AT, Hensler ME, Zinkernagel
AS, Cogen AL, et al. Statins Enhance Formation of Phagocyte Extracellular
Traps. Cell Host Microbe (2010) 8(5):445–54. doi: 10.1016/j.chom.2010.10.005

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Aukrust, Holte, Opstad, Seljeflot, Berg and Helseth. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
January 2022 | Volume 12 | Article 799539

https://doi.org/10.1155/2019/7816491
https://doi.org/10.2337/dc06-1161
https://doi.org/10.2337/dc06-1161
https://doi.org/10.2337/dc14-1720
https://doi.org/10.1016/j.jdiacomp.2017.06.007
https://doi.org/10.1016/j.jdiacomp.2019.01.006
https://doi.org/10.1016/j.jdiacomp.2019.01.006
https://doi.org/10.1038/nm.1959
https://doi.org/10.1016/j.jacc.2018.05.027
https://doi.org/10.1371/journal.pone.0218946
https://doi.org/10.3389/fimmu.2021.678771
https://doi.org/10.3389/fimmu.2021.678771
https://doi.org/10.1097/MED.0000000000000485
https://doi.org/10.1111/jdi.12469
https://doi.org/10.1590/S0100-879X2006005000143
https://doi.org/10.1590/S0100-879X2006005000143
https://doi.org/10.5772/intechopen.86600
https://doi.org/10.1016/j.cca.2016.05.029
https://doi.org/10.1007/s12016-020-08804-7
https://doi.org/10.3390/ijms21041391
https://doi.org/10.1016/j.chom.2010.10.005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	NETosis in Long-Term Type 1 Diabetes Mellitus and Its Link to Coronary Artery Disease
	Introduction
	Materials and Methods
	Study Design and Participants
	Laboratory Methods
	Clinical Outcome
	Statistical Analysis

	Results
	Characteristics of the Participants
	Levels of NETs Markers
	Levels of NETs Markers and CAD
	Levels of NETs Markers and Neutrophil Cell Count
	Intercorrelation Between Circulating PAD4 and Other NETs Markers

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


