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Introduction: Neutrophil extracellular traps (NETs) act as a critical trigger of inflammation
and coagulation. We hypothesized that NETs are associated with septic
hypercoagulability.

Materials and Methods: In total, 82 patients admitted with sepsis in the Department of
Critical Care Medicine of Peking Union Medical College Hospital were enrolled between
February 2017 and April 2018. Clinical and hematological parameters and thrombotic or
hemorrhagic events were recorded. Blood samples were obtained to assess biomarkers
of NET formation, including neutrophil elastase 2 (ELA2) and citrullinated histone H3, and
endothelial-derived biomarker syndecan-1. Autophagy levels and their regulation pathway
were also examined to explore their interaction with NETs.

Result: Sepsis patients with disseminated intravascular coagulation (DIC) showed
significantly higher levels of NET formation [ELA2, 1,247 (86–625) vs. 2,039 (1,544–
2,534), p < 0.0001; H3, 140 (47–233) vs. 307 (199–415), p < 0.0001]. NET formation was
independently associated with DIC risk [ELA2, OR 1.0028, 95% CI, 1.0010–1.0045; H3,
OR 1.0104, 95% CI, 1.0032–1.0176] and mortality [ELA2, HR 1.0014, 95% CI, 1.0004–
1.0024; H3, HR 1.0056, 95% CI, 1.0008–1.0115]. The area under the curve value for
ELA2 in predicting DIC occurrence was 0.902 (95% CI, 0.816–0.957), and that of H3 was
0.870 (95% CI, 0.778–0.934). Furthermore, biomarkers of NET formation, endothelial
cells, and autophagy exhibited a significant correlation [ELA2 and Syn (r = 0.5985, p <
0.0001), LC3B (r = −0.4224, p < 0.0001); H3 and Syn (r = 0.6383, p < 0.0001), LC3B
(r = −0.3005, p = 0.0061)].

Conclusion: Increased NET formation is significantly associated with sepsis-induced DIC
incidence and mortality in sepsis patients, revealing a significant relationship with the
autophagy pathway.

Clinical Trial Registration: chictr.org.cn, identifier ChiCTR-ROC-17010750.
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INTRODUCTION

Sepsis is characterized by a broad inflammatory response and
coagulation activation that both contribute to bacterial
containment and lead to microangiopathy through
uncontrolled thrombin and fibrin generation, potentially
evolving toward disseminated intravascular coagulation (DIC)
(1, 2). During sepsis, DIC exacerbates multiple organ
dysfunction and increases the risk of death; thus, blood
coagulation processes are a therapeutic target of interest (3).
Nevertheless, pathophysiological mechanisms of DIC are still not
fully understood.

Neutrophil extracellular traps (NETs) produced by activated
neutrophils have recently been shown to provide a novel link
between inflammation and thrombosis (4). NETs are portion of
the innate immune response to microbial infections, consisting
of cell-free DNA (cfDNA), histones, and neutrophil granule
proteins (5). In accompany with red blood cells (RBCs),
platelets, and fibrin, NET components promote formation of
thrombi, especially in microvessels (6, 7). Moreover, cytokines
released by neutrophils contribute to alteration of the membrane
of vascular, especially endothelial cells (ECs), and therefore
participate in sepsis-induced endothelial dysfunction and
coagulation activation (8, 9).

Furthermore, the autophagy pathway plays an essential role
in immunity through pathogen clearance mediated by immune
cells, including macrophages and neutrophils (10). In particular,
recent studies have revealed that autophagic activity is required
for the formation and release of NETs (11). In this study, we
explored the interaction between NETs and sepsis-induced DIC
and its interaction with autophagy. We hypothesized that plasma
NETs are associated with septic coagulopathy and mortality
through the autophagy pathway.
MATERIALS AND METHODS

Patients and Study Design
This prospective study was performed from April 2017 to April
2018 in the Department of Critical Care Medicine of Peking
Union Medical College Hospital (PUMCH). The study was
approved by the institutional review board of PUMCH (JS-
1170). Informed consent was obtained from all enrolled
Abbreviations: NETs, neutrophil extracellular traps; ELA2, neutrophil elastase 2;
H3, citrullinated histone H3; DIC, disseminated intravascular coagulation;
cfDNA, cell-free DNA; PUMCH, Peking Union Medical College Hospital; ICU,
intensive care unit; SOFA, Sequential Organ Failure Assessment; ISTH,
International Society on Thrombosis and Haemostasis; APACHE, Acute
Physiology and Chronic Health Evaluation; mTOR, mammalian target of
rapamycin; PS6K, phosphorylated ribosome S6 protein kinase; LC3B,
microtubule-associated protein light chain 3 type II; ELISA, enzyme-linked
immunosorbent assay; OR, odds ratio; HR, hazard ratio; ROC, receiver
operating characteristic; EC, endothelial cell; TF, tissue factor; SLE, systemic
lupus erythematosus; MV, mechanical ventilation; CRRT, continuous renal
replacement therapy; PCT, procalcitonin; CRP, C-reactive protein; PLT, platelet;
PT, prothrombin time; Fbg, fibrinogen; RBC, red blood cell; Syn, syndecan-1.
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patients. The study was registered at chictr.org.cn (identifier
ChiCTR-OOB-17014129).

The inclusion criteria were as follows: 1) age ≥18 years, 2)
intensive care unit (ICU) stay of more than 1 day, and 3)
diagnosis of sepsis (see below). Patients who had basic hepatic
or hematological disease were excluded. Sepsis was assessed
according to the third international consensus definition as
life-threatening organ dysfunction caused by a dysregulated
host response to infection (12); organ dysfunction was defined
as an acute change in total Sequential Organ Failure Assessment
(SOFA) score of ≥2 points consequent to the infection. DIC was
diagnosed if the International Society on Thrombosis and
Haemostasis (ISTH) score was 5 or higher during the first 24 h
of sepsis. The enrolled patients were divided into those without
DIC, used as the control group, and those with DIC.

Clinical and Laboratory Evaluation
Clinical history evaluation, laboratory tests, and plasma NET
analysis were carried out within 24 h after ICU admission,
including age, sex, coagulation parameters, blood chemistry,
Acute Physiology and Chronic Health Evaluation (APACHE)
II score, and SOFA score. Thrombotic events (defined as the
number of patients diagnosed with deep-vein thrombosis
pulmonary embolism, and coronary, cerebrovascular, or
peripheral arterial thrombotic events), hemorrhagic events
(defined as the number of patients diagnosed with hemoptysis,
gastrointestinal hemorrhage, intracranial hemorrhage, or
hematuria), and blood transfusion events (defined as the
number of patients coming across RBC, plasma, or platelet
transfusion) were collected. Follow-up data recorded included
duration of ICU stay and 28-day mortality rate.

NETs consist of cfDNA, neutrophil granule proteins
(like neutrophil elastase 2, myeloperoxidase (MPO), and
cathepsin G) and nuclear protein (like histones H1, H2A, H2B,
H3, and H4) (13). Levels of ELA2 (neutrophil elastase 2) and
H3 (citrullinated histone H3) were measured to explore NET
formation (14–16). Microtubule-associated protein light chain 3
type II (LC3II) was used as a marker of autophagy to visualize
autophagosomes and to quantify autophagy in cells (17). As the
upstream regulation pathway of autophagy, mammalian target of
rapamycin (mTOR) and phosphorylated ribosome S6 protein
kinase (PS6K) were measured (18). Blood samples were collected
and centrifuged immediately; the plasma was withdrawn
and stored at −80°C until assessment. Levels of ELA2, H3,
syndecan-1, mTOR, PS6K, and LC3B concentrations were
assessed by enzyme-linked immunosorbent assay (ELISA)
(ELA2: abbexa abx196622, Beijing, China; H3: Cayman
501620, Shanghai, China; syndecan-1: CUSABIO CSB-E14983
h, Shanghai, China; mTOR: Abcam ab45996, Shanghai, China;
PS6K: Abcam ab9366, Shanghai China; LC3B: Affinity AF4650,
CST, China).

Statistical Analysis
Normally distributed data were compared using Student’s t-test,
and the results are expressed as the mean and standard deviation.
Non-normally distributed data were analyzed with the Mann–
Whitney U test and are presented as the median and
October 2021 | Volume 12 | Article 757041

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Mao et al. NETs in Septic Coagulopathy
interquartile intervals. Categorical variables were analyzed with
the chi-square test and are recorded as proportions. Multivariate
logistic regression was conducted to identify parameters for DIC
risk prediction. Univariate logistic regression and the Cox
proportional hazards survival model were applied to identify
the independent contribution of prognostic factors to 28-day
outcome prediction. The ability of NETs to predict the incidence
of DIC risk was determined by receiver operating characteristic
(ROC) curve analysis. Statistical analysis was performed using
the SPSS 13.0 software (SPSS, Chicago, USA).
RESULTS

Basic Characteristics
Within the study period (from April 2017 to April 2018), 112
patients diagnosed with sepsis were admitted. There were 24
patients who satisfied at least one of the exclusion criteria (nine
were discharged 24 h after admission, 10 had basic hepatic or
hematological disease, and five were <18 years old), four patients
refused to sign the consent form, and two were lost to follow-up.
A total of 82 patients were included in our study, and 34 among
them met the DIC criteria (Figure 1).

Table 1 shows the basic characteristics of all the patients after
ICU admission. No significant difference was identified between
the groups in age, though the majority of patients in the DIC
group were male. Laboratory parameters of different groups are
shown in Table 2. Overall, mortality, duration of ICU stay,
APACHE II and SOFA scores, mechanical ventilation time, and
renal replacement demand were significantly higher in the DIC
group. The level of C-reactive protein, but not of procalcitonin,
was significantly higher in the DIC group. In terms of
coagulation indicators, DIC scores, prothrombin time, and D-
dimer were higher in the DIC group, whereas plasma levels of
platelets and fibrinogen were lower. Moreover, both thrombotic
events and blood transfusion need were more frequent in the
Frontiers in Immunology | www.frontiersin.org 3
DIC group. Biomarkers of NET formation, including neutrophil
elastase 2 (ELA2) [1,247 (869–1,625) vs. 2,039 (1,544–2,534), p <
0.0001****] and H3 [140 (47–233) vs. 307 (199–415), p <
0.0001****], showed significant differences between the groups.
The endothelial-derived biomarker syndecan-1 was also higher
[91 (42–141) vs. 162 (108–215), p < 0.0001****] in the DIC
group, as shown in Figure 2.

Risk Factors for Disseminated
Intravascular Coagulation Risk in
Sepsis Patients
Univariate logistic regression analysis was conducted to identify
variables associated with DIC in sepsis patients; and among the
variables, APACHE II score, SOFA score, ELA2, and H3 were
found to be associated with DIC. Therefore, these variables were
taken into multivariate logistic regression for adjustment, the OR
for DIC of ELA2 was 1.0028 (95% CI, 1.0010–1.0045, p =
0.0023), and H3 was 1.0104 (95% CI, 1.0032–1.0176, p =
0.0046) after adjustment for risk factors (Tables 3 and 4). A
ROC curve for DIC occurrence was drawn (Figure 3), and the
area under the curve for ELA2 and H3 was 0.902 (95% CI, 0.816–
0.957, p < 0.0001) and 0.870 (95% CI, 0.778–0.934, p <
0.0001), respectively.

The association between NETs and clinical outcomes like
thrombotic and bleeding events was also conducted through
univariate logistic regression analysis. The OR of ELA2 for
thrombotic events was 1.0010 (95% CI, 1.0002–1.0019, p =
0.0149), and that for bleeding events was 1.0012 (95% CI,
1.0003–1.0022, p = 0.0072); the OR of H3 for thrombotic events
was 1.0040 (95% CI, 1.0001–1.0078, p = 0.0374), and that for
bleeding events was 1.0046 (95% CI, 1.0003–1.0088, p = 0.0293).

Risk Factors for 28-Day Mortality in
Sepsis Patients
Next, we compared the features conducted by 28-day mortality
and found ELA2 [1,386 (928–1,845) vs. 2,162 (1,636–2,687),
A B

FIGURE 1 | (A) Flowchart of patients included in the study. (B) Diagram depicting interaction of autophagy influence NETs and endothelium. NETs, neutrophil
extracellular traps.
October 2021 | Volume 12 | Article 757041
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p < 0.0001], H3 [172 (57–286) vs. 326 (226–426), p < 0.0001], and
Syn [105 (48–162) vs. 168 (117–219), p < 0.0001] to be
significantly lower in the survivor group (Figures 4A–C). Levels
of these biomarkers were evaluated after stratification according to
Frontiers in Immunology | www.frontiersin.org 4
28-day mortality in the DIC and non-DIC groups, and the same
trend was observed, especially in the former (Figures 4D–F).

Univariate logistic regression analysis indicated that the
variables SOFA score, ELA2, and H3 level were associated with
TABLE 1 | Baseline characteristics of the patients included.

Characteristics Non-DIC, n = 48 DIC, n = 34 p

Age, years 66.9 (52.1–81.6) 63.5 (54.0–76.0) 0.0734
Sex, n (%)
Male 26 (54.2) 23 (67.6) 0.2583

Basic disease
Coronary heart disease 6 (12.5) 6 (17.6) 0.5415
Arrhythmia 5 (10.4) 3 (8.8) 0.9999
Valvular lesions 4 (8.3) 0 (0) 0.1378
Gastrointestinal cancer 6 (12.5) 3 (8.8) 0.7290
Gallstone 5 (10.4) 1 (2.9) 0.3927

Chronic kidney disease 3 (6.25) 1 (2.9) 0.6382
Cerebrovascular disease 8 (16.7) 3 (8.8) 0.3478

Infection site, n (%)
Bloodstream 12 (25) 6 (17.6) 0.4281
Lung 32 (66.7) 24 (70.6) 0.7069
Abdominal cavity 6 (12.5) 11 (32.4) 0.0508
Bile duct 3 (6.3) 1 (2.9) 0.6382
Soft tissue 1 (2.1) 4 (11.8) 0.1545
Urinary tract infection 2 (4.2) 1 (2.9) 0.9999

Pathogen
Gram-negative bacilli 38 (79.2) 25 (73.5) 0.6017
Gram-positive coccus 16 (33.3) 15 (44.1) 0.3612
Gram-positive bacillus 5 (10.4) 1 (2.9) 0.3927
Fungus 5 (10.4) 6 (17.6) 0.5123
Virus 4 (8.3) 3 (8.8) 0.9999
October 2021 | Volume 12 | Article
DIC, disseminated intravascular coagulation.
TABLE 2 | Laboratory parameters in different groups.

Characteristics Non-DIC, n = 48 DIC, n = 34 p

28-day mortality, n (%) 3 (6.3) 17 (50) <0.0001****
ICU stay time, days 11.3 (3.2–19.4) 15.3 (7.2–23.3) 0.0350*
APACHE II 16.7 (11.1–22.3) 20.4 (13.4–27.5) 0.0107*
SOFA 8.0 (4.1–11.9) 11.2 (7.2–15.2) 0.0005***
MV duration 81 (0–92) 157 (75–218) 0.0009***
CRRT 3 (6.3) 8 (23.5) 0.0237*
PCT 2.0 (0.5–7.3) 5.0 (2.9–21.0) 0.34
CRP 145.2 (36.8–187.3) 264.6 (125.1–351.1) <0.0001****
DIC score 3.0 (2.0–4.0) 5.0 (5.0–7.0) <0.0001****
PLT, *109/L 170.9 (59.7–282.1) 73.7 (24.3–123.1) <0.0001****
PT, s 17.0 (10.8–23.3) 22.9 (11.9–34.0) 0.0031**
Fbg, g/L 3.8 (2.2–5.4) 2.8 (1.6–3.9) 0.0015**
D-Dimer, mg/L FEU 4.3 (2.3–8.7) 16.9 (8.3–23.2) 0.0002***
Thrombotic events 9 (18.8) 15 (44) 0.0156*
Hemorrhagic events 7 (14.6) 11 (32.4) 0.0643
Blood transfusion
RBC 23 (47.9) 24 (70.6) 0.0456*
Plasma 16 (33.3) 27 (79.4) <0.0001****
PLT 4 (8.3) 10 (29.4) 0.0174*
ELA2, pg/ml 1,247 (869–1,625) 2,039 (1,544–2,534) <0.0001****
H3, pg/ml 140 (47–233) 307 (199–415) <0.0001****
Syn, pg/ml 91 (42–141) 162 (108–215) <0.0001****
DIC, disseminated intravascular coagulation; ICU, intensive care unit; APACHE, Acute Physiology and Chronic Health Evaluation; SOFA, Sequential Organ Failure Assessment; MV,
mechanical ventilation; CRRT, continuous renal replacement therapy; PCT, procalcitonin; CRP, C-reactive protein; PLT, platelet; PT, prothrombin time; Fbg, fibrinogen; RBC, red blood
cell; ELA2, neutrophil elastase 2; H3, citrullinated histone H3; Syn, syndecan-1.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
757041
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mortality in patients with sepsis. Additionally, a Cox
proportional hazards survival model was conducted to adjust
relevant variables for a poor prognosis; the HR of ELA2 was
1.0014 (95% CI, 1.0004–1.0024; p = 0.0055), and that of H3
was 1.0056 (95% CI, 1.0008–1.0105, p = 0.0223) (Tables 5
and 6).

Biomarkers of Autophagy in the
Disseminated Intravascular
Coagulation Group
Biomarkers of autophagy were also examined. LC3B [30.7 (5.0–
56.5) vs. 13.3 (2.1–24.5), p = 0.0004***] was significantly lower in
the DIC group. Among upstream pathways, mTOR [295.3 (180.4–
410.1) vs. 477.2 (323.1–631.3), p < 0.0001****] and PS6K [22.7
Frontiers in Immunology | www.frontiersin.org 5
(14.8–30.5) vs. 33.7 (21.9–45.4), p < 0.0001****] levels were higher
in patients with DIC (shown in Table 7 and Figure 5).

Relationships Among Neutrophil
Extracellular Traps, Endothelial Markers,
and Autophagy
We hypothesized that NETs, endothelial markers, and autophagy
interact closely in the mechanism of DIC. Pearson’s analysis was
used to identify significant correlations between levels of ELA2
and Syn (r = 0.5985, p < 0.0001), PS6K (r = 0.4505, p < 0.0001),
mTOR (r = 0.4708, p < 0.0001), LC3B (r = −0.4224, p < 0.0001),
H3 and Syn (r = 0.6383, p < 0.0001), PS6K (r = 0.4506,
p < 0.0001), mTOR (r = 0.3841, p = 0.0004), and LC3B (r =
−0.3005, p = 0.0061) (Figure 6).
A B C

FIGURE 2 | Comparison of NET levels, including ELA2 (A) and H3 (B), and syndecan-1 (C) in groups of patients with or without DIC. ****p < 0.0001. NETs,
neutrophil extracellular traps; DIC, disseminated intravascular coagulation.
TABLE 3 | Univariate logistic regression analysis for possible risk factors for DIC.

Variable B SE p OR 95% CI for OR

Lower Upper

Age −0.0300 0.0169 0.0770 0.9705 0.9388 1.0033
APACHE II 0.0942 0.0391 0.0160 1.0988 1.0177 1.1863
SOFA 0.2031 0.0636 0.0014 1.2252 1.0817 1.3878
ELA2 0.0038 0.0008 <0.0001 1.0038 1.0022 1.0053
H3 0.0138 0.0029 <0.0001 1.0139 1.0082 1.0197
October 20
21 | Volume 12 | Article
DIC, disseminated intravascular coagulation; APACHE, Acute Physiology and Chronic Health Evaluation; SOFA, Sequential Organ Failure Assessment; ELA2, neutrophil elastase 2; H3,
citrullinated histone H3.
TABLE 4 | Multivariate logistic regression analysis for possible risk factors for DIC.

Variable B SE p OR 95% CI for OR

Lower Upper

APACHE II −0.0045 0.0659 0.9455 0.9955 0.8748 1.1328
SOFA 0.2278 0.1063 0.0320 1.2559 1.0197 1.5467
ELA2 0.0028 0.0009 0.0023 1.0028 1.0010 1.0045
H3 0.0103 0.0036 0.0046 1.0104 1.0032 1.0176
DIC, disseminated intravascular coagulation; APACHE, Acute Physiology and Chronic Health Evaluation; SOFA, Sequential Organ Failure Assessment; ELA2, neutrophil elastase 2; H3,
citrullinated histone H3.
757041
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DISCUSSION

The present study reveals the first view of circulating NET
formation in sepsis patients diagnosed with DIC. To explore
the effect of NETs in septic coagulopathy, we investigated levels
of plasma NET formation in sepsis patients with DIC, revealing
higher plasma NET formation [ELA2, 1,247 (869–1,625) vs.
Frontiers in Immunology | www.frontiersin.org 6
2,039 (1,544–2,534), p < 0.0001; H3, 140 (47–233) vs. 307
(199–415), p < 0.0001] than in control group patients. Indeed,
NET formation was independently associated with DIC risk
(ELA2, OR 1.0028, 95% CI, 1.0010–1.0045; H3, OR 1.0104,
95% CI, 1.0032–1.0176). The value drawn by ROC curve for
ELA2 in predicting DIC occurrence was 0.902 (95% CI, 0.816–
0.957); that of H3 was 0.870 (95% CI, 0.778–0.934, p < 0.0001).
A B

FIGURE 3 | Receiver operating characteristic curve of ELA2 (A) and H3 (B) for prediction of DIC occurrence. DIC, disseminated intravascular coagulation.
A B C

D E F

FIGURE 4 | Comparison of NETs level in different groups. (A–C) ELA2, H3 and Syndecan-1 levels in groups of survivor and non-survivor patients. (D–F) ELA2, H3
and Syndecan-1 levels in groups of patients with or without DIC stratified by 28-day mortality. *p < 0.05, **p < 0.01, ****p < 0.0001.
October 2021 | Volume 12 | Article 757041
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Sepsis patients with DIC had a higher prothrombin time, D-
dimer levels, and DIC scores and lower levels of platelets and
fibrinogen. Thrombotic events and blood transfusion need were
also more frequent in the DIC group. NET formation was also
independently associated with both thrombotic and bleeding
events risk. Overall, sepsis patients with DIC had worse
outcomes and experienced longer ICU stay times, more severe
Frontiers in Immunology | www.frontiersin.org 7
organ dysfunction, worse respiratory conditions, and frequent
renal replacement therapy. NET formation [ELA2, HR 1.0014,
95% CI, 1.0004–1.0024; H3, HR 1.0056, 95% CI, 1.0008–1.0115]
was independently associated with mortality.

To our knowledge, our research constitutes the first
prospective clinical study of NET formation in sepsis patients
with DIC. In recent years, researchers have proposed the
TABLE 5 | Univariate logistic regression analysis for possible risk factors for prognosis.

Variable B SE p OR 95% CI for OR

Lower Upper

Age −0.0035 0.0185 0.8493 0.9965 0.9609 1.0334
SOFA 0.2229 0.0757 0.0032 1.2497 1.0774 1.4496
ELA2 0.0029 0.0007 <0.0001 1.0029 1.0015 1.0042
H3 0.0113 0.0028 <0.0001 1.0113 1.0058 1.0169
October 20
21 | Volume 12 | Article
SOFA, Sequential Organ Failure Assessment; ELA2, neutrophil elastase 2; H3, citrullinated histone H3.
TABLE 6 | Cox regression analysis for possible risk factors for prognosis.

Variable B SE p HR 95% CI for OR

Lower Upper

Age 0.0088 0.0212 0.6765 1.0089 0.9681 1.0514
SOFA 0.1475 0.0735 0.0449 1.1590 1.0041 1.3377
ELA2 0.0014 0.0005 0.0055 1.0014 1.0004 1.0025
H3 0.0056 0.0025 0.0223 1.0056 1.0008 1.0105
SOFA, Sequential Organ Failure Assessment; ELA2, neutrophil elastase 2; H3, citrullinated histone H3.
TABLE 7 | Levels of biomarkers of autophagy in different groups.

Characteristics Non-DIC, n = 48 DIC, n = 34 p

LC3B, pg/ml 30.7 (5.0–56.5) 13.3 (2.1–24.5) 0.0004***
mTOR, pg/ml
PS6K, pg/ml

295.3 (180.4–410.1)
22.7 (14.8–30.5)

477.2 (323.1–631.3)
33.7 (21.9–45.4)

<0.0001****
<0.0001****
DIC, disseminated intravascular coagulation; LC3B, microtubule-associated protein light chain 3 type II; mTOR, mammalian target of rapamycin; PS6K, phosphorylated ribosome S6
protein kinase.
***p < 0.001, ****p < 0.0001.
A B C

FIGURE 5 | Comparison of autophagy biomarkers levels, including PS6K (A), mTOR (B), and LC3B (C) in groups of patients with or without DIC. ***p < 0.001,
****p < 0.0001. DIC, disseminated intravascular coagulation.
757041
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existence of an effective mechanism involved in the crosstalk
between blood coagulation and the immune response that result
in formation of immunothrombosis (19). Patients with sepsis
commonly experience coagulation dysfunction and have a poor
prognosis. In the body’s innate immunity, neutrophils play a key
role in response to infection. NETs eliminate pathogens through
neutrophils, but the imbalance also causes tissue damage. Thus,
exploring the effect of NETs is essential for the diagnosis and
prognosis of septic coagulopathy. However, only few studies to
date explored the role of NETs in septic coagulopathy in clinical
research. Yang et al. showed that during sepsis, systemic
inflammation promotes neutrophils to release NETs, increasing
risk of venous thromboembolism (16), and Stiel et al. first
visualized circulating NETs using cell fluorescence during
septic shock-induced DIC in a small sample study (20). In our
study, we first revealed that sepsis patients with DIC have higher
plasma NET formation, that NET formation are independently
associated with DIC risk and mortality, and that serum
concentrations of NET formation are able to predict incidence
of DIC during sepsis. These findings confirm the role of NETs in
septic coagulopathy, piquing our interest in the underlying
mechanism. In a variety of sepsis mouse models, NETs
induced intravascular coagulation results in microvascular
dysfunction (21, 22). These findings are meaningful and
deserve our further exploration.

The endothelium plays an essential role in hemostasis
balance; endothelial damage is a critical trigger on
coagulopathy in severe sepsis (23). Glycocalyx damage, leading
to a higher amount of circulating syndecan-1 (24), can range
from disturbances of luminal layer to excessive destruction and
degradation of the entire glycocalyx. Therefore, circulating
syndecan-1 was measured in sepsis patients in our study.
Consistent with previous studies (25, 26), we found that
syndecan-1 was significantly increased in the group of sepsis
patients with DIC. As expected, NET formation showed a close
relationship with syndecan-1 (ELA2 vs. Syn, r = 0.5985, p <
0.0001; H3 vs. Syn, r = 0.6383, p < 0.0001). Neutrophil–ECs
Frontiers in Immunology | www.frontiersin.org 8
engage in close crosstalk, and ECs lead to increased NET
formation; moreover, prolonged coculture of neutrophils with
ECs results in EC damage (13). In septic-infected mice, NETs
induce ECs to release adhesion factors and tissue factor (TF) and
then to recruit inflammatory cells and facilitate thrombosis (27).
Thus, neutrophil–EC interactions play an essential role in the
formation and development of thrombi in sepsis.

A new discovery of the relationship between NETs and
autophagy has attracted much interest. Autophagy is a vital
cellular mechanism in regulation of cell homeostasis and
survival (28). Interaction between autophagy and NETs was
firstly explored by Remijsen et al. (10), who proposed NET
formation requires both autophagy and superoxide generation.
Therefore, biomarkers of autophagy were examined in our study,
and we found that the serum level of LC3B, a major autophagy
protein, was lower in the DIC group. Furthermore, levels of
components of the mTOR and PS6K pathways, upstream of
autophagy, were significantly higher in patients with DIC. We
also discovered that NET formation exhibits a significant
relationship with autophagy markers, as shown by ELA2 and
LC3B (r = −0.4224, p < 0.0001) and H3 and LC3B (r = −0.3005,
p = 0.0061). In the context of autoimmune diseases like systemic
lupus erythematosus (SLE) or rheumatoid arthritis, pathological
roles of NETs have already been acknowledged (29, 30).
Autophagy not only participates in NET formation but also
inhibits excess NET release (31). We hypothesize that the
autophagy pathway may participate in NET formation. Future
studies are needed to reveal the missing links explaining the
complex set of regulatory mechanisms.

Our study had several limitations. This was a single-center
study, which may limit generalizability. A larger cohort or
multicenter studies and subgroup analysis should be
conducted. Second, NETs can be detected by serum assays or
flow cytometry; flow cytometry assays are more specific than
serum markers but are more difficult and may result in
measurement variability and interpretation biases (32). Third,
blood samples were only collected within 24 h of patient
FIGURE 6 | Correlations between NET level (including ELA2 and H3), syndecan-1, and autophagy biomarkers (including PS6K, mTOR, and LC3B) in patients with sepsis.
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admission; a dynamic analysis of NETs may be worthy of further
study. Finally, more samples of control group like normal people
or postsurgical condition may help to further clarify effect of
NETs during sepsis.
CONCLUSIONS

Increased NET formation was significantly associated with DIC
incidence and 28-day mortality in sepsis patients, demonstrating
a significant relationship with the autophagy pathway.
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Hernández-Antolıń R, et al. miR-146a Is a Pivotal Regulator of Neutrophil
Extracellular Trap Formation Promoting Thrombosis. Haematologica (2021)
106(6):1636–46. doi: 10.3324/haematol.2019.240226

23. van Hinsbergh VW. Endothelium–role in Regulation of Coagulation and
Inflammation. Semin Immunopathol (2012) 34(1):93–106. doi: 10.1007/
s00281-011-0285-5

24. RehmM, Bruegger D, Christ F, Conzen P, Thiel M, Jacob M, et al. Shedding of
the Endothelial Glycocalyx in Patients Undergoing Major Vascular Surgery
With Global and Regional Ischemia. Circulation (2007) 116(17):1896–906.
doi: 10.1161/CIRCULATIONAHA.106.684852

25. Ostrowski SR, Haase N, Müller RB, Møller MH, Pott FC, Perner A, et al.
Association Between Biomarkers of Endothelial Injury and Hypocoagulability
in Patients With Severe Sepsis: A Prospective Study. Crit Care (2015) 19
(1):191. doi: 10.1186/s13054-015-0918-5

26. Holcomb JB. A Novel and Potentially Unifying Mechanism for Shock Induced
Early Coagulopathy. Ann Surg (2011) 254(2):201–2. doi: 10.1097/
SLA.0b013e318226483d

27. Rabinovitch M. NETs Activate Pulmonary Arterial Endothelial Cells. Arterioscler
Thromb Vasc Biol (2016) 36(10):2035–7. doi: 10.1161/ATVBAHA.116.308206

28. Itakura A, McCarty OJ. Pivotal Role for the mTOR Pathway in the Formation
of Neutrophil Extracellular Traps via Regulation of Autophagy. Am J Physiol
Cell Physiol (2013) 305(3):C348–54. doi: 10.1152/ajpcell.00108.2013

29. Knight JS, Carmona-Rivera C, Kaplan MJ. Proteins Derived From Neutrophil
Extracellular Traps may Serve as Self-Antigens and Mediate Organ Damage in
Autoimmune Diseases. Front Immunol (2012) 3:380. doi: 10.3389/
fimmu.2012.00380
Frontiers in Immunology | www.frontiersin.org 10
30. Sangaletti S, Tripodo C, Chiodoni C, Guarnotta C, Cappetti B, Casalini P, et al.
Neutrophil Extracellular Traps Mediate Transfer of Cytoplasmic Neutrophil
Antigens to Myeloid Dendritic Cells Toward ANCA Induction and Associated
Autoimmunity. Blood (2012) 120(15):3007–18. doi: 10.1182/blood-2012-03-
416156

31. Kim JK, Park MJ, Lee HW, Lee HS, Choi SR, Song YR, et al. The Relationship
Between Autophagy, Increased Neutrophil Extracellular Traps Formation and
Endothelial Dysfunction in Chronic Kidney Disease. Clin Immunol (2018)
197:189–97. doi: 10.1016/j.clim.2018.10.003

32. Manda-Handzlik A, Ostafin M, Bystrzycka W, Sieczkowska S, Moskalik A,
Demkow U, et al. Flow Cytometric Quantification of Neutrophil Extracellular
Traps: Limitations of the Methodological Approach. Am J Hematol (2016) 91
(3):E9–10. doi: 10.1002/ajh.24257
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 © 2021 Mao, Zhang, Cheng, Chen and Cui. 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.
October 2021 | Volume 12 | Article 757041

https://doi.org/10.1182/blood-2016-09-741298
https://doi.org/10.3324/haematol.2019.240226
https://doi.org/10.1007/s00281-011-0285-5
https://doi.org/10.1007/s00281-011-0285-5
https://doi.org/10.1161/CIRCULATIONAHA.106.684852
https://doi.org/10.1186/s13054-015-0918-5
https://doi.org/10.1097/SLA.0b013e318226483d
https://doi.org/10.1097/SLA.0b013e318226483d
https://doi.org/10.1161/ATVBAHA.116.308206
https://doi.org/10.1152/ajpcell.00108.2013
https://doi.org/10.3389/fimmu.2012.00380
https://doi.org/10.3389/fimmu.2012.00380
https://doi.org/10.1182/blood-2012-03-416156
https://doi.org/10.1182/blood-2012-03-416156
https://doi.org/10.1016/j.clim.2018.10.003
https://doi.org/10.1002/ajh.24257
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Effects of Neutrophil Extracellular Traps in Patients With Septic Coagulopathy and Their Interaction With Autophagy
	Introduction
	Materials and Methods
	Patients and Study Design
	Clinical and Laboratory Evaluation
	Statistical Analysis

	Results
	Basic Characteristics
	Risk Factors for Disseminated Intravascular Coagulation Risk in Sepsis Patients
	Risk Factors for 28-Day Mortality in Sepsis Patients
	Biomarkers of Autophagy in the Disseminated Intravascular Coagulation Group
	Relationships Among Neutrophil Extracellular Traps, Endothelial Markers, and Autophagy

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	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 false
  /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 false
  /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 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /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


