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Abstract
Studies of patients with COVID-19 have demonstrated markedly dysregulated coagulation and a high risk of morbid arterial 
and venous thrombotic events. Elevated levels of blood neutrophils and neutrophil extracellular traps (NETs) have recently 
been described in patients with COVID-19. However, their potential role in COVID-19-associated thrombosis remains 
incompletely understood. In order to elucidate the potential role of hyperactive neutrophils and NET release in COVID-
19-associated thrombosis, we conducted a case–control study of patients hospitalized with COVID-19 who developed throm-
bosis, as compared with gender- and age-matched COVID-19 patients without clinical thrombosis. We found that remnants 
of NETs (cell-free DNA, myeloperoxidase-DNA complexes, and citrullinated histone H3) and neutrophil-derived S100A8/
A9 (calprotectin) in patient sera were associated with higher risk of morbid thrombotic events in spite of prophylactic anti-
coagulation. These observations underscore the need for urgent investigation into the potential relationship between NETs 
and unrelenting thrombosis in COVID-19, as well as novel approaches for thrombosis prevention.
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Highlights

• Mechanisms contributing to frequent thrombosis in 
COVID-19 remain incompletely understood

• NETs and neutrophil activation were measured in 
patients with COVID-19-associated thrombosis

• Thrombosis in COVID-19 was associated with higher 
levels of circulating NETs and calprotectin

• Exploring approaches to neutralize neutrophils and NETs 
in COVID-19 warrants urgent investigation

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) causes the disease known as coronavirus disease 
2019 (COVID-19). It most commonly presents with influ-
enza-like illness and viral pneumonia, but in its most severe 
manifestation progresses to acute respiratory distress syn-
drome (ARDS) and multi-organ failure [1]. To date the viral Electronic supplementary material The online version of this 

article (https ://doi.org/10.1007/s1123 9-020-02324 -z) contains 
supplementary material, which is available to authorized users.
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pandemic has resulted in millions of infections worldwide 
(https ://coron aviru s.jhu.edu/map.html).

In COVID-19, elevated levels of blood neutrophils predict 
severe respiratory disease and unfavorable outcomes [2, 3]. 
Neutrophil-derived extracellular traps (NETs) play a patho-
genic role in many thrombo-inflammatory states including 
sepsis [4, 5], thrombosis [6–8], and respiratory failure [9, 
10]. NETs are extracellular webs of chromatin and micro-
bicidal proteins that are an evolutionarily conserved aspect 
of innate immune host-defense [11]; however, NETs also 
have potential to initiate and propagate inflammation and 
thrombosis. NETs deliver a variety of oxidant enzymes to 
the extracellular space, including myeloperoxidase, NADPH 
oxidase, and nitric oxide synthase, while also serving as a 
source of extracellular histones that carry significant cyto-
toxic potential. NETs drive cardiovascular disease by propa-
gating inflammation in vessel walls [12]. Furthermore, when 
formed intravascularly, NETs can drive occlusion of arteries 
[13], veins [14], and microscopic vessels [15]. Studies of 
COVID-19 suggest a high risk of morbid arterial events [16], 
and the risk of venous thromboembolism (VTE) is increas-
ingly revealing itself as more data become available [17].

Descriptive and mechanistic studies to date that examine 
COVID-19 pathophysiology have focused on monocytes 
and lymphocytes more so than neutrophils and their effec-
tor products [18]. Our group recently reported high levels of 
NETs in 50 patients hospitalized with COVID-19 as com-
pared with healthy controls [19]. These findings have since 
been replicated by several other groups [20–25]. Here, we 
describe 11 cases of thrombosis in patients hospitalized with 
COVID-19 and demonstrate an association with neutrophil 
hyperactivity and NET release.

Methods

Human samples for NETs analysis

All 44 patients studied here had a confirmed COVID-19 
diagnosis based on FDA-approved DiaSorin Molecular 
Simplexa COVID-19 Direct real-time RT-PCR assay. Blood 
was collected into serum separator tubes by a trained hos-
pital phlebotomist. After completion of biochemical testing 
ordered by the clinician, the remaining serum was stored 
at 4 °C for 4 to 48 h before it was deemed “discarded” 
and released to the research laboratory. Serum samples 
were immediately divided into small aliquots and stored 
at − 80 °C until the time of testing. This study complied 
with all relevant ethical regulations, and was approved by 
the University of Michigan Institutional Review Board 
(HUM00179409), which waived the requirement for 
informed consent given the discarded nature of the samples.

Quantification of S100A8/A9 (calprotectin)

Calprotectin levels were measured with the Human S100A8/
S100A9 Heterodimer DuoSet ELISA (DY8226-05, R&D 
Systems) according to the manufacturer’s instructions and as 
done previously [26]. DuoSet ELISA kits are designed to be 
development kits for research purpose only. The kits are tested 
for appropriate antibody pairing, reagent stability, parallelism 
using naturally-derived protein, cross-reactivity/interference of 
related proteins, and lot-to-lot variability. The kit is calibrated 
against a highly purified E. coli expressed recombinant human 
S100A8/A9 heterodimer produced at R&D. The limit of detec-
tion is 93.8 pg/ml. The expected coefficient of variance should 
be less than 10% when following manufacture’s recommenda-
tions and good laboratory practice.

Quantification of cell‑free DNA

Cell-free DNA was quantified in sera using the Quant-iT Pico-
Green dsDNA Assay Kit (Invitrogen, P11496) according to the 
manufacturer’s instructions.

Quantification of myeloperoxidase‑DNA complexes

Myeloperoxidase-DNA complexes were quantified in sera 
similarly to what has been previously described [27, 28]. This 
protocol used several reagents from the Cell Death Detection 
ELISA kit (Roche). First, a high-binding EIA/RIA 96-well 
plate (Costar) was coated overnight at 4ºC with anti-human 
myeloperoxidase antibody (Bio-Rad 0400-0002), diluted to a 
concentration of 1 µg/ml in coating buffer (Cell Death kit). The 
plate was washed two times with wash buffer (0.05% Tween 
20 in PBS), and then blocked with 4% bovine serum albumin 
in PBS (supplemented with 0.05% Tween 20) for 2 h at room 
temperature. The plate was again washed five times, before 
incubating for 90 min at room temperature with 10% serum in 
the aforementioned blocking buffer (without Tween 20). The 
plate was washed five times, and then incubated for 90 min at 
room temperature with 10 × anti-DNA antibody (HRP-con-
jugated; from the Cell Death kit) diluted 1:100 in blocking 
buffer. After five more washes, the plate was developed with 
3,3′,5,5′-Tetramethylbenzidine (TMB) substrate (Invitrogen) 
followed by a 2 N sulfuric acid stop solution. Absorbance was 
measured at a wavelength of 450 nm using a Cytation 5 Cell 
Imaging Multi-Mode Reader (BioTek). Data were normalized 
to in vitro-prepared NET standards included on every plate.

Quantification of citrullinated‑histone H3

Citrullinated-histone H3 was quantified in sera using the 
Citrullinated Histone H3 (Clone 11D3) ELISA Kit (Cay-
man, 501620) according to the manufacturer’s instructions.

https://coronavirus.jhu.edu/map.html
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Statistical analysis

When two groups were present, normally-distributed data 
were analyzed by two-sided t test and skewed data were 
analyzed by Mann–Whitney test. Correlations were tested 
by Pearson’s correlation coefficient in normally-distributed 
data and Spearman’s correlation coefficient in skewed data. 
Data analysis was with GraphPad Prism software version 8. 
Statistical significance was defined as p < 0.05.

Results

We identified 11 patients who developed a thrombotic event 
while admitted for treatment of COVID-19 at a large aca-
demic medical center (Table 1). The events consisted of 
three strokes and nine VTE events (Table 2). Nine (82%) 
were receiving at least prophylactic doses of heparinoids 
at the time the event was diagnosed. The other two patients 
were found to have pulmonary emboli on the day of admis-
sion (Table 2). Nine of the patients were receiving res-
piratory support by mechanical ventilation at the time of 
the event. At the time of this analysis, eight patients had 
been discharged from the hospital, two had died, and one 
remained hospitalized (Table 2).

To better understand the extent to which patients diag-
nosed with thrombotic events differed from other patients 
hospitalized with COVID-19, we identified a matched cohort 
of 33 patients hospitalized with COVID-19 over the same 
month (Table 1). The control cohort was identical for age 
and sex. The cohort was similar in terms of comorbidities 
and ultimate outcome (18% died in the thrombosis group and 
21% in the control group). Thirty of those matched COVID-
19 control patients (91%) were receiving at least prophylac-
tic doses of heparinoids. While no significant difference was 
appreciated in oxygenation efficiency  (SpO2/FiO2) between 
the groups at the time of sample collection, a higher propor-
tion of thrombosis patients required mechanical ventilation 
during hospitalization (Table 1). For all 44 patients, we were 
able to access a blood sample collected during their hospi-
talization. As it relates to diagnosis of the first thrombotic 
event for each patient, six blood samples were banked within 
three days of event diagnosis. Three were banked earlier 
(5, 7, and 12 days prior to event diagnosis) and two later 
(both at 6 days). For 33 matched control blood samples, 
ten were banked on admission, ten were banked on hospital 
day 1, four on hospital day 2, and one on hospital day 3. 
The remaining were banked between hospital days 4 and 
12. As compared with the control group, patients with a 
thrombotic event demonstrated significantly higher levels 
of calprotectin, a marker of neutrophil activation (Fig. 1a). 
Similarly, three different markers of NETs (cell-free DNA, 
myeloperoxidase-DNA complexes, and citrullinated histone 

H3) were also markedly elevated in the thrombosis group as 
compared with the matched controls (Fig. 1b–d).

We then turned our attention to other clinical bio-
markers that might associate with a thrombotic event. 
The thrombosis group had higher levels of peak D-dimer 
(Fig. 2a), but not troponin (Fig. 2b). Peak CRP and fer-
ritin were also modestly higher in the thrombosis group 

Table 1  COVID-19 patient characteristics

LDH lactate dehydrogenase
*Mean ± standard deviation
a Median(range)
b At the time of sample collection

Thrombosis (n = 11) Matched (n = 33)

Demographics
 Age (years)* 56 ± 12 (38–77) 57 ± 12 (33–82)
 Female 2 (18.1%) 6 (18.2%)
 White/Caucasian 3 (27.2%) 14 (42.4%)
 Black/African-American 5 (45.5%) 15 (45.5%)
 Unknown 2 (18.2%) 4 (12.1%)

Thrombosis
 Arterial 2 (18.1%) 0 (0%)
 Venous 8 (72.7%) 0 (0%)
 Both 1 (9%) 0 (0%)

Comorbidities
 Ischemic heart disease 5 (45.5%) 8 (24.2%)
 History of stroke 1 (9%) 4 (12.1%)
 Hypertension 6 (54.5%) 22 (66.7%)
 Obesity 6 (54.5%) 22 (66.7%)
 History of smoking 4 (36.4%) 8 (24.2%)
 Diabetes 4 (36.4%) 15 (45.5%)
 Renal disease 4 (36.4%) 10 (30.3%)
 Lung disease 1 (9%) 6 (18.2%)
 Cancer 1 (9%) 6 (18.2%)
 Autoimmune disease 1 (9%) 0 (0%)
 Immune deficiency 0 4 (12.1%)

Clinical  parametersa

 Peak D-dimer (mg/l) 18 (1.5–35) 4  (0.4–24)
 Peak C-reactive protein 

(mg/dl)
29 (14–54) 15 (0.2–58)

 Peak ferritin (ng/ml) 2370 (149–7730) 1457 (97–7096)
 Peak LDH (IU/L) 661 (494–5295) 486 (120–1243)
 Peak platelet (K/µL) 416 (234–619) 307 (169–659)
 Peak troponin (pg/ml) 39 (6–285) 30 (6–311)
 SpO2/FiO2

b 238 (140–354) 238 (98–476)
 Required mechanical 

ventilation
9 (82%) 19 (58%)

Outcome
 Discharged 8 (72.7%) 23 (69.5%)
 Death 2 (18.1%) 7 (21.2%)
 Remains hospitalized 1 (9%) 3 (9%)
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(Fig. 2c, d). Interestingly, peak neutrophil levels did not 
differ between groups, but platelets were significantly 
higher in patients who developed thrombosis (Fig. 2e, 
f). Finally, we asked whether there was an association 
between blood markers of neutrophil activation (such as 
calprotectin and cell-free DNA) and D-dimer within this 
cohort of COVID-19 patients (n = 44). Despite the small 
number of patients, there were strong correlations between 

peak D-dimer and calprotectin, cell-free DNA (Fig. 3a, 
b), and peak neutrophil count (Supplementary Figure S1). 
Levels of calprotectin and cell-free DNA also correlated 
positively with peak platelet counts (Supplementary Fig-
ure S2). Calprotectin and cell-free DNA also predicted 
worse oxygen efficiency in this cohort (Supplementary 
Figure S3).

Table 2  Thrombosis details in patients with COVID-19

F female, M male, SQ subcutaneous, gtt continuous IV heparin, LE lower extremity, UE upper extremity, DVT deep vein thrombosis, PE pulmo-
nary embolism, u units, TID three times daily
* Days from admission when final outcome occurred (either death or discharge)

Patient Age Sex Day Ventilation Event Prophylaxis Outcome (days)*

1 70–74 F 3 Mechanical Acute in-situ PE SQ Heparin 5000 U TID Discharge (39)
2 65–69 M 9 Mechanical Ischemic stroke (left middle cerebral artery) SQ Heparin 5000 U TID Discharge (39)

19 Mechanical LE DVT (right femoral vein, iliac vein, and pop-
liteal vein)

SQ Heparin 7500 U TID

3 55–59 M 16 Mechanical Ischemic stroke (left posterior cerebral artery) SQ Heparin 5000 U TID Death (23)
4 55–59 M 27 Mechanical Ischemic stroke (both supra- and infra-tentorial foci, 

suggesting an embolic source)
SQ Heparin 7500 U TID Remains in hospital

5 35–39 M 2 Mechanical Bilateral LE DVT (right popliteal vein, left gastroc-
nemius vein)

Enoxaparin 40 mg daily Discharge (23)

6 40–44 M 2 Mechanical Bilateral LE DVT (bilateral common femoral veins 
and popliteal veins)

SQ Heparin 5000 U TID Discharge (30)

7 45–49 M 36 Mechanical Acute in-situ PE (segmental and subsegmental) Heparin gtt 1400 U/h Death (39)
8 40–44 F 1 Nasal cannula Acute in-situ PE (segmental and subsegmental) None Discharge (6)
9 50–54 M 1 Room air Acute in-situ PE (segmental and subsegmental) None Discharge (18)
10 60–64 M 5 Mechanical UE DVT (right UE DVT) Enoxaparin 40 mg daily Discharge (29)
11 75–79 M 9 Mechanical Acute in-situ PE (segmental) Heparin gtt 850 U/h Discharge (44)

Fig. 1  Elevated levels of NETs in the blood of COVID-19 patients 
diagnosed with a thrombotic event, as compared with matched con-
trols. Serum was tested for calprotectin (a), cell-free DNA (b), mye-
loperoxidase-DNA complexes (c), and citrullinated histone H3 (d). 

N = 33 for the control group and n = 11 for the thrombosis group. 
Comparisons were by Mann–Whitney test; *p < 0.05, **p < 0.01, and 
***p < 0.001
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Fig. 2  Association between 
peak levels of clinical biomark-
ers and diagnosis of a throm-
botic event. Clinical testing 
is reported for D-dimer (a), 
troponin (b), C-reactive protein 
(c), ferritin (d), absolute neu-
trophil count (e), and absolute 
platelet count (f). N = 33 for the 
control group and n = 11 for the 
thrombosis group. Compari-
sons were by Mann–Whitney 
test; *p < 0.05 and **p < 0.01. 
Comparisons for peak troponin 
and peak neutrophil count were 
not statistically significant

Fig. 3  Correlation between 
neutrophil activation markers 
and D-dimer. Calprotectin (a) 
and cell-free DNA (b) were 
compared to peak D-dimer 
levels. Data were analyzed by 
Pearson’s method



451Neutrophil extracellular traps and thrombosis in COVID-19  

1 3

Discussion

Hyperactivity of the coagulation system is a common find-
ing of severe COVID-19 [29]. Indeed, many patients have 
a profile to suggest a prothrombotic diathesis including 
high levels of fibrin degradation products (D-dimer), ele-
vated fibrinogen levels, and low antithrombin levels [29, 
30]. We recently characterized the blood of 50 patients 
hospitalized with COVID-19 and found significantly ele-
vated levels of NETs as compared with healthy controls 
[19]. Here, we extend that analysis by demonstrating par-
ticularly high levels of NETs in a subgroup of patients 
with COVID-19 who were clinically diagnosed with at 
least one thrombotic event. This study is limited by its 
small sample size and inherent effect of utilizing dis-
carded specimens at various sampling time points. Given 
the known link between NETs and thrombosis in many 
inflammatory conditions, these data suggest that the role 
of NETs in COVID-19-associated thrombophilia warrants 
systematic and prospective investigation.

Intravascular NET release is responsible for initiation 
and accretion of thrombotic events in arteries, veins, and 
microvessels, where thrombotic disease can drive end-
organ damage in lungs, heart, kidneys, and other organs 
[31, 32]. Mechanistically, DNA in NETs may directly 
activate the extrinsic pathway of coagulation [33], while 
NETs also present tissue factor to initiate the intrinsic 
pathway [33–35]. Serine proteases in NETs such as neu-
trophil elastase promote coagulation by proteolyzing vari-
ous tissue factor pathway inhibitors [36]. There are likely 
synergistic mechanisms by which SARS-CoV-2 infection 
may result in macrovascular and microvascular occlusions. 
These include autoantibody- and cytokine-mediated acti-
vation of innate immune cells including neutrophils and 
platelets, vasoconstriction in the setting of hypoxia, and 
direct activation of endothelial cells by viral infection 
[21, 25, 28, 37, 38]. Here, we not only demonstrate mark-
edly elevated NETs among patients with COVID-19 and 
clinically diagnosed thrombosis, but also a strong corre-
lation between neutrophil-activation markers/NETs with 
D-dimer, a degradation product of fibrin. These data sug-
gest a potential clinically actionable link between NET 
formation and enhanced coagulation turnover that may 
contribute to the COVID-19 prothrombotic state. We spec-
ulate that tripartite interplay between neutrophils, endothe-
lial cells, and platelets might be critical for COVID-19-as-
sociated thrombosis as has been characterized in models of 
other thrombo-inflammatory diseases [32, 33].

Approaches to combatting NETs [22, 39, 40] include 
the dismantling of NETs with deoxyribonucleases and 
strategies that prevent initiation of NET release such as 
neutrophil elastase inhibitors, peptidylarginine deiminase 

4 inhibitors, and adenosine receptor agonists such as dipy-
ridamole (eg. NCT04391179) [41]. As we await defini-
tive antiviral solutions to the current pandemic, we posit 
that anti-neutrophil therapies may be part of a personal-
ized strategy for some individuals affected by COVID-19. 
Furthermore, those patients with hyperactive neutrophils 
may be at particularly high risk for thrombotic events and 
might therefore benefit from more aggressive anticoagula-
tion while hospitalized.
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