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Abstract

Background: COVID-19 severity and its late complications continue to be poorly un-

derstood. Neutrophil extracellular traps (NETs) form in acute COVID-19, likely

contributing to morbidity and mortality.

Objectives: This study evaluated immunothrombosis markers in a comprehensive

cohort of acute and recovered COVID-19 patients, including the association of NETs

with long COVID.

Methods: One-hundred-seventy-seven patients were recruited from clinical cohorts at

2 Israeli centers: acute COVID-19 (mild/moderate, severe/critical), convalescent

COVID-19 (recovered and long COVID), along with 54 non-COVID controls. Plasma

was examined for markers of platelet activation, coagulation, and NETs. Ex vivo NETosis

induction capability was evaluated after neutrophil incubation with patient plasma.

Results: Soluble P-selectin, factor VIII, von Willebrand factor, and platelet factor 4 were

significantly elevated in patients with COVID-19 versus controls. Myeloperoxidase

(MPO)-DNA complex levels were increased only in severe COVID-19 and did not

differentiate between COVID-19 severities or correlate with thrombotic markers.

NETosis induction levels strongly correlated with illness severity/duration, platelet

activation markers, and coagulation factors, and were significantly reduced upon

dexamethasone treatment and recovery. Patients with long COVID maintained higher

NETosis induction, but not NET fragments, compared to recovered convalescent

patients.
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Conclusions: Increased NETosis induction can be detected in patients with long

COVID. NETosis induction appears to be a more sensitive NET measurement than

MPO-DNA levels in COVID-19, differentiating between disease severity and patients

with long COVID. Ongoing NETosis induction capability in long COVID may provide

insights into pathogenesis and serve as a surrogate marker for persistent pathology.

This study emphasizes the need to explore neutrophil-targeted therapies in acute and

chronic COVID-19.
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Essentials

• Neutrophil extracellular trap formation (NETosis) induction

levels by COVID-19 plasma correlate with illness severity,

duration, platelet activation and coagulation factors.

• Long COVID syndrome is identified by elevated NETosis

induction measurement in convalescent plasma of pa-

tients who sought medical care.

• NETosis induction level is a sensitive measurement to

predict COVID-19 severity and long COVID.

• Neutrophil-targeted therapy may be an attractive

approach in acute and chronic COVID-19.
1 | INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by the severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2), is responsible for

the death of >6.7 million people worldwide as of January 2023 [1], as

well as millions leaving the workforce due to disability from persistent

symptoms. Clinical features range from mild symptoms, such as fever,

fatigue, dry cough, and pneumonia, to more severe presentations with

dyspnea, coagulopathy, venous thromboembolism, acute respiratory

distress syndrome, acute cardiac injury, and multi-organ failure in

critical illnesses [2,3]. In acute COVID-19, SARS-CoV-2 infection trig-

gers immunothrombosis and endotheliopathy leading to elevated in-

flammatory markers and increased coagulation parameters (eg, tumor

necrosis factor [TNF], interleukin (IL)-1, IL-6, IL-8, RANTES, platelet

factor 4 [PF4], factor VIII [FVIII], von Willebrand factor [VWF]) [3–9].

Many studies provide evidence that neutrophil extracellular traps

(NETs) contribute to COVID-19-associated thrombosis [8–13]. NETs

are extracellular chromatin decorated with specific proteins, including

neutrophil elastase (NE) and myeloperoxidase (MPO) [14]. Although

potentially helpful for an initial immune response, excessive or dys-

regulated NETs contribute to a number of acute and chronic pathol-

ogies (eg, myocardial infarction, acute kidney injury, pneumonia,

rheumatoid arthritis, diabetes, thrombosis, and cancer) [15,16].

The process of NET formation (NETosis) can be measured by a

variety of methods that identify neutrophil or NET-specific proteins

complexed with external DNA, including MPO-DNA, NE-DNA, and

citrullinated histone H3-DNA (H3Cit-DNA). Previous studies have

shown elevated levels of NET fragments, although variable in their

reliability to reflect ongoing NETosis, consistently correlate with

COVID-19 illness severity and outcome [8,17–20]. Neutrophils isolated

from patients with COVID-19 demonstrate elevated NET-forming ca-

pacity, and plasma and serum from patients with COVID-19 induce

robust ex vivo NETosis in neutrophils isolated from healthy subjects

[8,10,18,19,21]. A return to baseline levels of circulatingNETcomplexes
has been reported in convalescent patients recovered from active

COVID-19 [8,20]. No changes in cfDNAorDNase activitywere found in

a study of patientswithCOVID-19who had persistent symptoms [22], a

syndrome commonly referred to as long COVID, although no study has

measured specific NET biomarkers in this syndrome.

Long COVID has no globally accepted diagnostic criteria but im-

plies symptoms that last for >1 month since recovery from acute

COVID-19, with some patients reporting symptoms lasting for >6

months. Establishing internationally recognized guidance to diagnose

and manage long COVID continues as more data are gathered. Pa-

tients with long COVID experience a wide range of systemic symp-

toms, including generalized chest and muscle pain, fatigue, shortness

of breath, and cognitive dysfunction [23]. It was previously reported

that FVIII and VWF levels remain high in patients with long COVID

despite reduced acute-phase markers (C-reactive protein [CRP],

neutrophil and white cell counts, and IL-6), suggesting a state of

persistent endothelial activation and elevated thrombotic risk [22].

Research and clinical efforts continue to target NET-related path-

ways to find new and improved treatments in the context of COVID-19
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[17]. In our study, we investigated clinical cohorts of patients with acute

and chronic COVID-19 from 2 Israeli medical centers for markers of

increased thrombosis, includingplatelet activationmarkers, coagulation

factors, and NET-related biomarkers. We utilized a quantitative mea-

surement of ex vivo NETosis induction capacity by COVID-19 plasma

that reflects the potential to formNETs (NETosis induction) rather than

the quantification of remnant NET fragments in the blood.
2 | METHODS

2.1 | Study design

Plasma samples from patients with acute COVID-19, as well as

COVID-19 convalescent patients and non-COVID controls were

collected by 2 Israeli medical center biobanks between March 2020

and September 2020: the Shaare Zedek Medical Center (Jerusalem)

and the Rambam Health Care Campus (Haifa). The blood samples that

were used for plasma preparation were collected into EDTA (226

subjects) or sodium citrate (20 subjects) tubes. Supplementary

Table S1 summarizes the sample distribution and clinical information

for the cohorts. Demographic information, clinical and laboratory data

were obtained from patients’ medical records.

Disease severity classification was performed by the medical

centers based on the National Institutes of Health and World Health Or-

ganizationCOVID-19 clinicalmanagement guidance [24]. Themaximum

severity during hospitalization of each patient was used in the analysis.

Information about convalescent patients was received from the

COVID-19 Recovery Clinic of the Shaare Zedek Medical Center Pul-

monary Institute and included documentation regarding post-COVID

symptoms. Twenty convalescent patients lacking documented infor-

mation were followed up by telephone with a questionnaire to collect

information about their condition at the time of sampling. For 5 of 66

(7.6%) convalescent patients, this information was not available.

Inclusion criteria for patients with COVID-19 included SARS-

CoV-2 positive polymerase chain reaction test and age >18 years.

Inclusion criteria for COVID-19 convalescent patients included

documentation of previous SARS-CoV-2 infection at least 1 month

earlier and age >18. Inclusion criteria for non-COVID control samples

included age >18 with no reported COVID-19. Exclusion criteria were

human immunodeficiency virus (HIV), hepatitis B virus (HBV), or

hepatitis C virus (HCV) infection and pregnancy. Exclusion criteria for

non-COVID and convalescent groups were SARS-CoV-2 positive test.

The study was approved by the institutional review boards of the

Shaare Zedek Medical Center and the Rambam Health Care Campus

(0269-20-SZMC and 0237-20-RMB, respectively). All study partici-

pants or a legal representative provided informed consent.
2.2 | Plasma samples

Plasma samples were stored at -80 ◦C. For batch analysis, they were

thawed at 37 ◦C for 15 minutes to eliminate cryoprecipitates. Plasma
samples from acute COVID-19 patients were taken after a mean of 8

days with a median of 7 days from a positive test result for COVID-19,

ranging from -4 to 46 days after swab collection. Plasma samples that

showed signs of hemolysis by visual inspection were excluded.
2.3 | MPO-DNA complexes

MPO-DNA plasma complex levels were evaluated using a sandwich

ELISA-based assay adapted from Kessenbrock et al. [25] with modifi-

cations including a calibration curve with in vitro generated MPO-

nucleosome-DNA complexes. Complexation of 54 ng reconstituted

human MPO standard (from LEGEND MAX Human Myeloperoxidase

ELISAKit, 440007, BioLegend Inc, 200 ng/mL)with excess lambdaDNA

(1.4 μg from Quant-iT Picogreen dsDNA Assay Kit, P7589, Invitrogen)

and excess human native nucleosomes (1.4 μg of 14-1057, Merck) was

performed by incubation for 30 minutes at room temperature. Then,

200 μL of PBS were added to prepare a stock standard solution of 100

ng/mL. This was further diluted to generate a standard curve with

quantitative estimation of MPO-DNA complex levels ranging from 0.5

to5ng/mLMPOcomponent.MaxiSorp96-well plates (442404, Thermo

Scientific) were coated with MPO polyclonal antibody (PA5-16672,

Invitrogen) overnight in 2◦C to 8 ◦C. After washing, the plate was

blocked with 2.5% BSA in PBS. The plate was washed and incubated

with plasma or standard samples for 2 hours at room temperature with

agitation at 80 rpm. The plate was washed and incubated with

peroxidase-conjugated anti-DNA antibody (from Cell Death Detection

ELISAPLUS kit, 11774425001, Roche Diagnostics) for 2 hours. TMBOne

Component Microwell Substrate (0410-01L, Southern Biotech) was

used for ELISA development, with 1M HCl used to stop the reaction.

Absorbance measurements at 450 nm with 630 nm reference wave-

length were used to plot a calibration curve and evaluate MPO-DNA

complex levels. Results were normalized to the average value of sam-

ples collected from non-COVID controls, to account for the differences

across different assay days needed to measure such a large number of

samples. Values below/above the calibration curve range were

considered under the detection limit (UDL) or above the detection limit.

The UDL values were obtained for 10 non-COVID controls, 16 patients

with mild/moderate and 12 with severe/critical COVID-19, and 4

convalescent patients. Data could not be generated for 9 patients (7

with COVID-19 and 2 non-COVID) due to insufficient sample volume.
2.4 | NETosis induction by plasma samples

Blood samples were drawn from 13 healthy patients in the Rambam

Health Care Campus to perform NETosis induction assays using

neutrophils from healthy volunteers. Neutrophils were isolated from

the freshly collected blood samples using EasySep Direct Human

Neutrophil Isolation Kit (19666, STEMCELL Technologies). Isolated

cells were resuspended in RPMI medium (01-100-1A, Biological In-

dustries) supplemented with 0.5% of 70 ◦C-heat-inactivated fetal

bovine serum (04-127-1A, Biological Industries) and 10 mM HEPES
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buffer (03-025-1C, Biological Industries) to a concentration of 2×106
cells/mL. Cells were seeded (2×105 cells/well) in a poly-L-lysine coated

96-well plate (655930, Greiner Bio-One) and were incubated for one

hour to allow cells to settle. All incubations during this assay were

performed at 37 ◦C in 5% CO2/95% air. One IU/mL heparin

(289973.01-IL, Teva Medical Marketing) was added to cells to prevent

clotting, and then cells were incubated with plasma samples (15% v/v)

for 2 hours. Each condition was run in duplicate wells. Next, the

plasma-containing supernatants were gently removed from the wells

and kept for further analysis. Pre-warmed FastDigest AluI restriction

enzyme (FD0014, Thermo Scientific), diluted 1:1250 in RPMI sup-

plemented with 0.5% heat-inactivated fetal bovine serum, was added

to each well. After a 20-minute incubation, digested NET supernatants

were gently collected and centrifuged (500 g, 5 minutes, 4 ◦C) to

remove the detached cells. To evaluate extracellular DNA in a high

throughput fashion, resulting supernatants were mixed 1:1 with 2 μM

SYTOX green dye (S7020, Invitrogen) and fluorescence level at an

excitation wavelength of 488 nm as well as the emission of 530 nm

was measured. To exclude background signal, RPMI supplemented

with 0.5% heat-inactivated fetal bovine serum was mixed with SYTOX

green dye and quantified for fluorescent signal in the same manner.

Equivalent measurements were performed on the plasma-containing

supernatants to quantify NETs that were digested and released to

the medium during incubation with plasma. NETosis induction level

was calculated as the sum of fluorescence measurements of both

plasma-containing and digested NET supernatants normalized to the

average value of samples drawn from non-COVID controls. Owing to

the limited sample volume, data could not be generated for 5 patients

with COVID-19. Interassay variation was evaluated for 43 samples

and resulted in 14 ± 2% (mean ± SEM).
2.5 | Statistical analysis

Nonparametric tests were applied for all data: two-tailed Mann–

Whitney test for comparison of 2 unpaired groups, two-tailed Wil-

coxon tests for comparison between 2 paired groups, and Kruskal-

Wallis test with Dunn’s multiple comparisons tests for 3 or more

groups. For correlation analysis, Spearman’s test was used. Compari-

sons of categorical variables were analyzed using Chi-squared test or

Fisher’s exact test. P<.05 was considered statistically significant. R

software was used for Fisher’s exact test analysis of sex and blood

type distribution. GraphPad Prism 9 software was used for all other

statistical analyses and calculations related to ELISA analyses. Bars

and error bars in all graphs represent means ± SEM.
3 | RESULTS

3.1 | Study group characteristics

Study participants were prospectively enrolled in 2 medical centers

during the first and second coronavirus pandemic waves in Israel
(between March 2020 and September 2020). This study includes

COVID-19 cohorts of different severities (“mild/moderate” [n = 52]

and “severe/critical patients” [n = 74]), convalescent patients (n = 66,

including those with long COVID [n = 46], and non-COVID controls

(n = 54). Sixteen patients provided plasma samples during their acute

COVID-19 period and after their recovery and were therefore

included in more than 1 cohort. Accordingly, all COVID-19 samples

were collected during acute disease before recovery (i.e., during the

same hospital stay after the initial diagnosis).

Clinical and demographic characteristics of all study cohorts are

summarized in the Table, with adjusted P values obtained from mul-

tiple comparisons available in Supplementary Table S2. Non-COVID

controls and patients with COVID-19 had similar sex distribution.

The mean age in the cohort of patients with severe/critical COVID-19

was significantly higher than that of the other cohorts (P<.0001), and

BMI was higher than that in the non-COVID cohort (p = .0172) but not

higher than that in the other cohorts. For patients with severe/critical

COVID-19, hypertension (52%), diabetes (29.3%), non-COVID-19 in-

flammatory disease (24%), heart disease (21%), and kidney failure

(20%) were the most prevalent comorbidities, whereas in mild/mod-

erate COVID-19, hypertension (25.9%) and non-COVID inflammatory

disease (20.4%) were the most prevalent. Among the non-COVID

cohort, 1 subject had psoriasis, 1 had deep vein thrombosis, and 2

had diabetes. All remaining healthy controls had no inflammatory

diseases, autoimmune diseases, cancer, diabetes, or thrombosis.

Neither symptomatic SARS-CoV-2 infection nor long COVID symp-

toms were documented for the non-COVID cohort when the sample

was acquired.

Blood type was determined for all study subjects, as the ABO

blood group is a reported risk factor for severe disease [27] and also

impacts the circulating VWF levels [27]. Blood type distributions of all

cohorts were similar to the general population ABO distribution

in Israel (Fisher’s exact test, non-COVID p = .7321; mild/moderate

p = .07101; severe/critical p = .0525; convalescent p = .3301) [28].

However, when comparing the subgroups, we detected a significant

difference (p = .0415); severe/critical COVID-19 patients vs. mild/

moderate patients contained half the prevalence of blood type B (15%

vs. 33%, respectively) and three-fold higher prevalence of blood type

AB (18% vs. 6%, respectively).
3.2 | Coagulation factors and markers of platelet

and endothelial activation are elevated in this COVID-

19 cohort

Coagulation factors and platelet/endothelial activation markers (VWF,

PF4, sP-selectin, and FVIII) were measured in all plasma samples

(Figures 1A–D). Although these factor levels were previously shown

to correlate with COVID-19 illness and in some cases NET formation

[20], in this study we were able to explore further trends given the

different cohorts it included. The severe/critical COVID-19 cohort had

significantly elevated levels of all measured factors compared with the

non-COVID and convalescent cohort levels. The mild/moderate



T AB L E Clinical and demographic characteristics of study subjects.

Non-COVID

COVID-19

Convalescents P valueMild/moderate Severe/critical

Study subjects, n 54 52 74 66

Age in years, mean ± SEM 48 ± 1.9 52 ± 2.8 67.0 ± 1.7 52.4 ± 2.2 <.0001

Sex

Men, n 29 28 46 35 .5349h

Women, n 25 24 28 31

Clinical data

Survival rate, % 100% 74%

BMI 27.2 ± 0.6 27.2 ± 0.6c 31.1 ± 1.0e 29.8 ± 2.1g .0196

Peak D-dimer, ng/mL, mean ± SEM 1118 ± 223d 3007 ± 352f .0002

Peak CRPa, mg/dL, mean ± SEM 8.3 ± 1.1 19.5 ± 1.3 <.0001

Peak WBCsb, 103/uL, mean ± SEM 8.3 ± 0.5 13.2 ± 0.9 <.0001

Peak platelet count, 103/uL, mean ± SEM 291 ± 22 322 ± 19 .2094

Comorbidities, n (%)

Non-COVID inflammatory disease 11 (20.8%) 21 (28.4%) 2 (4.1%) .4086i

Autoimmune disease 1 2 (3.8%) 1 (1.4%) 1 (2%) .5706i

Diabetes 2 8 (15.1%) 23 (31.1%) 6 (12.2%) .0584i

Cancer (active and history) 2 (3.8%) 6 (8.1%) 1 (2%) .4671i

Thrombosis 1 4 (7.5%) 3 (4.1%) 0 (0%) .4499i

Kidney failure NA 1 (1.9%) 14 (18.9%) 1 (2%) .0039i

Hypertension NA 14 (26.4%) 40 (54.1%) 6 (12.2%) .0021i

Lung disease NA 2 (3.8%) 10 (13.5%) 2 (4.1%) .0734i

Heart disease NA 7 (13.2%) 17 (23%) 2 (4.1%) .2501i

GI tract disease NA 3 (5.7%) 6 (8.1%) 2 (4.1%) .7338i

Blood type, n (%)

A 17 (32%) 23 (44%) 35 (47%) 23 (35%) .0415j

B 13 (24%) 17 (33%) 11 (15%) 20 (30%)

O 18 (33%) 9 (17%) 15 (20%) 17 (26%)

AB 6 (11%) 3 (6%) 13 (18%) 6 (9%)

%, Percentage subjects in the same cohort; NA, data were not available.

Data were not available for some study subjects.
a C-reactive protein.
b White blood cells.
c 3.
d 19 NA, 1 > 5000.
e 15.
f 9 NA, 4 > 5000.
g 17.
h Fisher’s exact test was used to evaluate the differences in sex distribution between non-COVID, mild/moderate, and severe/critical.
i Fisher’s exact tests were used to evaluate differences between mild/moderate and severe/critical.
j Fisher’s exact tests were used to evaluate the differences in blood type distribution between non-COVID, mild/moderate, and severe/critical.
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COVID-19 cohort had significantly higher FVIII, PF4, and VWF levels

than the non-COVID controls. The patients with mild/moderate

COVID-19 had significantly lower FVIII and sP-selectin levels than

those comprising the severe/critical cohort (Figure 1A–D).
Significantly elevated levels of FVIII in convalescent patients were

seen compared with the non-COVID controls (Table S3, p = .0012,

Mann–Whitney test). Patients with severe/critical COVID-19 had

significantly higher levels of D-dimer, CRP, and WBC, compared with



F I GUR E 1 Platelet activation markers and

prothrombotic factors of the study cohorts. (A) FVIII, (B)

VWF, (C) sP-selectin, and (D) PF4 levels of non-COVID

(n = 54, in FVIII graph n = 53), mild/moderate COVID-19

(n = 52), severe/critical COVID-19 (n = 74), convalescents

(n = 66) subjects. (E) MPO levels in non-COVID (n = 52),

mild/moderate COVID-19 (n = 47), severe/critical

COVID-19 (n = 71), convalescent cohorts (n = 65). (F)

cfDNA levels in non-COVID (n = 50), mild/moderate

COVID-19 (n = 47), severe/critical COVID-19 (n = 70),

convalescent cohorts (n = 65). (G) MPO-DNA complex

levels in non-COVID (n = 42), mild/moderate COVID-19

(n = 32), severe/critical COVID-19 (n = 59), and

convalescents (n = 61). (H) NETosis induction levels in

non-COVID (n = 54), mild/moderate COVID-19 (n = 48),

severe/critical COVID-19 (n = 73), convalescents (n = 66).
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those with mild/moderate COVID-19. Both patients with mild/mod-

erate and severe/critical COVID-19 had elevated D-dimer and CRP,

whereas WBC counts in patients with mild/moderate form were in the

normal range, similar to other reports [29]. D-dimer levels were

significantly positively correlated with FVIII, VWF, and sP-selectin

(Supplementary Figure S1). In addition, platelet levels were normal

among these groups, consistent with reports from other studies

[30,31]. Because D-dimer, CRP, and WBC are involved in inflamma-

tory processes and correlate with increased NETosis [9], these find-

ings could indicate a systemic milieu in which initial or progressed

NETosis occurs in severe/critical COVID-19 patients but is no longer

present in the convalescent period.
3.3 | NETosis induction levels, but not MPO-DNA

complexes, correlate with COVID-19 severity

To evaluate NET involvement and confirm their use as a biomarker for

COVID-19 severity, plasma samples were analyzed for MPO-DNA

complex levels, along with MPO and cfDNA individually (Figure 1E–

G) (Supplementary Table S3). These levels were significantly higher in

patients with severe/critical COVID-19 than in non-COVID controls.

Patients with mild/moderate COVID-19 had higher MPO and cfDNA

levels than non-COVID controls. In addition, both the COVID-19

patient cohorts had higher MPO, cfDNA, and MPO-DNA levels than

convalescents. Surprisingly, no differences were observed between

the 2 COVID-19 patient cohorts with different disease severities. No

correlation was found between MPO-DNA complex levels and platelet

activation markers and coagulation factors, MPO and cfDNA

measured in this study (Figure 2B) (Supplementary Figure S2).

As a secondary assay to evaluate NET levels, we measured the

total amount of extracellular DNA released from healthy human

neutrophils after incubation with patients’ plasma, reflecting the

NETosis induction level of each plasma sample on a per patient basis.

First, this assay was optimized for both cell concentration and

digesting enzyme AluI concentration using ionomycin as strong NET

inducer to enable optimal NET quantification in a high throughput

fashion (Supplementary Figures S3A–B and S4). In addition, occur-

rence of NETs induced by healthy human neutrophils was confirmed

by the extracellular nature of DNA staining and immunofluorescence

staining for citrullinated histone H3 (citrulline R2 + R8 + R17)

(Supplementary Figure S5). The quantification of NETs in this assay

was confirmed using an MPO-DNA ELISA (Supplementary

Figure S3C–D).

Figure 1H and Supplementary Table S3 demonstrate that NETosis

induction levels of plasma from patients with severe/critical COVID-

19 were significantly higher than those in all other cohorts,

including plasma from patients with mild/moderate COVID-19. No

significant differences in NETosis induction levels between non-

COVID and convalescent cohorts were found, similar to previously

reported data with other NET-related markers [20].

In contrast to MPO-DNA levels, NETosis induction levels were

significantly positively correlated with platelet activation markers and
coagulation factors, MPO and cfDNA (Figure 2). D-dimer levels of

COVID-19 cohorts were also significantly positively correlated with

MPO, cfDNA, and NETosis induction. However, MPO-DNA complex

levels did not significantly correlate with NETosis induction level nor

with platelet activation markers and coagulation factors, MPO, cfDNA,

or D-dimer (Figure 2I) (Supplementary Figures S1 and S2). These data

suggest that NETosis induction levels correlate better with COVID-19

severity than MPO-DNA complex levels and could offer further

insight into the state of NETosis in individual patients compared with

circulating NET fragment measurements. A possible explanation is the

presence of a specific combination of NETosis-promoted biomarkers

in plasma samples of acute COVID-19. It might be that their individual

quantification does not provide enough sensitivity to evaluate the

disease severity. This concept should be investigated in future studies

and can provide better understanding of NET-related diseases.

To link NETosis markers and COVID-19 management during hos-

pitalization, MPO-DNA complex and NETosis induction levels in pa-

tients were sub-analyzed based on intensive care unit (ICU) admission

and need for mechanical ventilation (Figure 3). All ICU-admitted

COVID-19 subjects (n = 28) were classified as severe/critical patients,

and most (n = 22, 79%) were mechanically ventilated during their

hospitalization. NETosis induction and MPO-DNA complexes were not

significantly different between ICU-admitted patients and patients

admitted to the ward (Figure 3A, 3E). However, NETosis induction

levels were higher for mechanically ventilated patients versus non-

ventilated patients and a positive correlation was found between hos-

pitalization duration of ICU patients and NETosis induction level of their

plasma (Figures 3B–C). No such significant difference or correlation was

found for MPO-DNA complex levels (Figures 3F–G). In addition, no

significant correlation was found with ventilation support days either

for NETosis induction or for MPO-DNA (Figures 3D, H).
3.4 | Lower NETosis induction levels by plasma of

patients with COVID-19 treated with dexamethasone

Dexamethasone corticosteroid treatment is one of the few treatments

shown in randomized clinical trials to have a protective effect in

COVID-19 [32]; we therefore divided our samples by dexamethasone

treatment to see whether dexamethasone impacted NET-related

measurements in plasma samples of patients with severe/critical

COVID-19 (Figure 4A-D). In our patient cohorts, dexamethasone was

administered 0 to 14 days before plasma sample collection, with a

mean of 2.4 days (median of 1 day). The levels of MPO-DNA com-

plexes, MPO, and cfDNA were significantly higher stratified by

dexamethasone treatment, whereas the NETosis induction levels were

significantly lower. Similar to NETosis induction measurements, PF4,

VWF, and sP-selectin levels were lower after dexamethasone treat-

ment (Figure 4E–H). No differences were observed for NETosis in-

duction and MPO-DNA complex levels between ventilated and not

ventilated patients regardless of dexamethasone treatment

(Supplementary Figure S6). These data demonstrate detection differ-

ences between MPO-DNA complex levels vs. NETosis induction.



F I GUR E 2 Correlations between platelet activation markers and coagulation factors, and NETosis induction level in COVID-19 patient

cohorts. (A) NETosis induction levels of plasma samples of non-COVID, mild/moderate and severe/critical COVID-19 subjects. (B) P values and

correlation coefficient (r) values of Spearman correlation analysis of MPO-DNA complex levels and platelets and coagulation factors of COVID-

19 patient cohorts. The graphs present correlations of (C) FVIII (n = 121), (D) sP-selectin (n = 121), (E) VWF (n = 121), (F) PF4 (n = 121), (G)

MPO (n = 118), (H) cfDNA (n = 117) and (I) MPO-DNA (n = 87) with NETosis induction levels.

8 - KRINSKY ET AL.



F I GUR E 3 NETosis induction and MPO-DNA complex levels according to hospitalization duration and ICU support. (A) NETosis induction

levels of patients not admitted (n = 91) and admitted (n = 28) to the ICU, p = .0614. (B) Correlations between NETosis induction level and length

of hospitalization (n = 119). (C) NETosis induction levels in patients who were either ventilated (n = 24) or not (n = 95), p = .0368. (D)

Correlations between NETosis induction level and duration on ventilation support (n = 24). (E) MPO-DNA complex values in patients not

admitted (n = 65) or admitted (n = 25) to the ICU, p = .1361. (F) Correlations between MPO-DNA complexes and hospitalization duration (n =

90). (G) MPO-DNA complexes of patients who were ventilated (n = 22) or not (n = 68), p = .2178. For 2 ventilated subjects, MPO-DNA values

were under detection limit (UDL). (H) Correlations between MPO-DNA levels and duration on ventilation support (n = 22). Statistical analysis

of A, C, E, G was performed using two-tailed Mann–Whitney tests. Statistical analyses of B, D, F, H comprise Spearman correlations.
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3.5 | Recovery and long COVID

To analyze coagulation and inflammation processes in patients after

COVID-19 recovery, plasma levels of platelet activation markers,

coagulation factors, and NET-related measurements were compared

among 16 individual patients at the time of illness and after their

recovery (Figure 5). All analyzed measurements, except for MPO-

DNA, showed a significant reduction from acute disease into conva-

lescence. Several parameters including VWF, FVIII, and NET induction

level, although significantly reduced compared to the peak of disease

severity, remained higher than expected in several patients, indicating

potential ongoing disease in these patients.

Patients who reported at least one symptom unrelated to their

baseline health that continued >1 month postrecovery were defined

as having long COVID or as “long haulers” in this study. Reported

symptoms and incidence among the long hauler cohort (Table S4) are

similar to other studies [23,33–35]. According to our long COVID

definition, 46 of 66 (70%) convalescent plasma samples were obtained

from patients with postacute COVID-19 syndrome, out of which 34

(74%) were initially hospitalized during their illness. The most
prevalent symptoms documented in our long COVID cohort included

fatigue, dyspnea, chest pressure, cough, and lung damage

(Supplementary Table S4).

To explore possible predictors for patients with long COVID, we

evaluated FVIII, sP-selectin, VWF, PF4, and NET-related measure-

ments in the convalescent subgroups. The convalescent cohort anal-

ysis included H3Cit-DNA plasma level quantification, as an additional

specific NET measurement [26]. When comparing NETosis induction

levels of long haulers who experienced the most common long COVID

symptoms vs. those who fully recovered (non-long COVID), no sig-

nificant differences were found (Supplementary Figure S7A). No sig-

nificant differences could be found between patients with long COVID

and non–long-COVID patients in all biomarker measurements (except

for lower sP-selectin levels) (Supplementary Figure S7). We next

assessed the same markers in patients who sought medical care

through a COVID-19 recovery clinic. Pathological findings of lung

damage were documented only for 7 patients, and most of their

coagulation factor values and/or of MPO-DNA were not significantly

different from the other convalescent patients (Figure 6). Interest-

ingly, long haulers who attended the COVID-19 recovery clinic in the



F I GUR E 4 Subgroup analysis of severe/critical COVID-19

subjects with or without dexamethasone treatment. (A) MPO-DNA

(not treated n = 35, treated n = 24, p = .2203). (B) NETosis

induction level (not treated n = 41, treated n = 32, p = .0174). (C)

MPO (not treated n = 41, treated n = 32, p = .0689). (D) cfDNA (not

treated n = 40, treated n = 32, p = .0784). (E) sP-selectin, p = .0014.

(F) PF4, p = .0213. (G) VWF, p < .0001. (H) FVIII, p = .8989. For (E)-

(H), not treated n = 41, treated n = 33.
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Shaare Zedek Medical Center had significantly higher levels of

NETosis induction than the long haulers who did not attend the clinic

(Figure 6I), and a significant difference in NETosis induction was

maintained for patients in the COVID-19 recovery clinic with the most

common symptoms (Figure 6J). In summary, patients with symptoms

severe enough to seek post-COVID medical care strikingly maintained

a systemic plasma environment conducive to NET formation.
4 | DISCUSSION

NETosis is well-documented as a key player in COVID-19-associated

immunothrombosis [8,11,36,37]. After recovery from illness, many

patients with COVID-19 have persistent symptoms contributing to

postacute COVID syndrome (long COVID), especially those who

initially experienced symptomatic COVID-19 [38]. We demonstrate

for the first time that this pathology may be exacerbated by ongoing

propensity for NETosis.

SARS-CoV-2-induced inflammation involves endothelial cell and

platelet activation strongly associated with disease progression and

severity [39]. Activated platelets and endothelial cells stimulate

NETosis through soluble factors and/or direct contact between the

neutrophil and affected cells, including markers quantified in this

study [40–42]. These acute-phase reactants have been described at

very high levels in the most severe forms of COVID-19 [8,43]. The

acute COVID-19 cohorts in our study have risk factors and comor-

bidities commonly reported by others [44–48] and demonstrated

extremely elevated acute-phase reactants related to platelet activa-

tion and coagulation, such as D-dimer, CRP, PF4, sP-selectin, VWF,

and FVIII [20,49,50]. Similar to other studies, these coagulopathy and

endotheliopathy related factors were especially pronounced in the

cohort of patients with severe/critical COVID-19 and may contribute

to the overall morbidity associated with COVID-19 given their

contribution to increased thrombosis [51].

NET-related complexes such as H3Cit-DNA, NE-DNA, and MPO-

DNA detection assays provide a specific estimation of NET fragment

plasma levels. Previous studies of NETosis in COVID-19 used a

combination of these assays. For example, multiple circulating com-

ponents of NETs (nucleosomal H3Cit, cfDNA, and NE) were found to

be higher in patients with COVID-19 than in healthy individuals and

diminished after recovery [20]; plasma NET levels assessed by MPO-

DNA correlated with COVID-19 severity, including intubation, PaO2/

fraction of inspired oxygen, and Sequential Organ Failure Assessment

scores [8]; measurement of MPO, MPO-DNA, and H3Cit revealed

differences between non-COVID patients and patients with COVID-

19; however, H3Cit measurement did not vary between patients

with mild-moderate and critical COVID-19 [52].



F I GUR E 5 Paired comparisons between samples taken during

acute COVID-19 and in convalescence. (A) FVIII (n = 16), p = .0016.

(B) VWF (n = 16), p = .0021. (C) sP-selectin (n = 16), p = .0052. (D)

PF4 (n = 16), p = .0002. (E) MPO (n = 14), p = .0052. (F) cfDNA

(n = 14), p = .0004, (G) MPO-DNA (n = 13), p = .4548, (H) NETosis

induction level (n = 15), p = .0009. Data is not presented for

samples with insufficient volume for analysis, 2 COVID-19 samples

with under detection limit and 1 with above detection limit MPO-

DNA complex levels.
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Some measurements are reported as NET surrogates based on

the quantification of a single component of NET structure. This in-

cludes cfDNA, NE, or MPO concentrations measured in plasma.

Although these single-component assays provide quantitative data

about the concentration in plasma reflecting general neutrophil acti-

vation or cell death, they do not fully reflect the NET complex

structure and therefore should not be used alone as surrogate

markers for NETs. Efforts are being made to standardize NET plasma

evaluation in human samples by the Vascular Biology Scientific and

Standardization Committee, a permanent committee of the Interna-

tional Society on Thrombosis and Haemostasis (ISTH) [53].

To further explore ongoing NETosis in COVID-19 severity and

disease classification, we applied multiple NET-related assays on

plasma samples from the patients with COVID-19 in two different

Israeli health care centers, including convalescent patients. Our study

suggests that not all NET-related measurements provide enough

sensitivity to differentiate between disease stages. No significant

differences were observed between cfDNA, MPO, or MPO-DNA

levels in mild/moderate and severe/critical COVID-19 disease in

affected patients. Moreover, MPO-DNA did not correlate with

thrombotic markers in the COVID-19 group, in contrast to what has

been reported in other studies [8,11,54]. The MPO-DNA assay

resulted in many samples with undetectable levels, providing another

limitation. Accordingly, direct measurements of NET fragments in

plasma may not be sufficient for prognosis of a specific subject. The

variability of individual levels of endogenous DNase within plasma

samples released at different stages of disease may lead to differences

in the final measurement of NET complexes. It is important to

recognize, this may make comparisons between individuals chal-

lenging even within the same disease or clinical cohort.

NETosis induction has previously been reported in healthy neu-

trophils after incubation with a limited number of selected COVID-19

plasma and serum samples [8,18,19]. We now show at a large indi-

vidual sample level that NETosis induction correlates with platelet

activation and coagulation markers and distinguishes between pa-

tients in different stages of disease progression, whereas MPO-DNA

levels could not detect these differences. Moreover, for 16 patients

with COVID-19, paired analyses of samples taken during acute illness

and convalescence demonstrated significantly lower values of NETosis

induction levels after patient recovery. Lower levels of coagulation

and platelet activation factors but not of MPO-DNA complexes were

demonstrated in the same patients.

These findings suggest that although the MPO-DNA ELISA assay

can detect NET fragments in plasma, it might not be suitable to

prognose COVID-19 illness. Furthermore, it fails to detect ongoing

pathological processes in long COVID. Nonspecific signals have also

been reported in a different assay format for measuring MPO-DNA

complexes [55]. These results further highlight NETosis induction

level as an additional promising readout for COVID-19 illness severity.

Such measurements of NETosis induction could provide biological

insight as to why a state of exacerbated NETosis might occur in sicker



F I GUR E 6 Platelet activation markers, coagulation factors, and NET-related measurements in long COVID. Comparisons between long

haulers who visited a recovery clinic (nlh) and all other convalescents (nc) were analyzed for (A) FVIII (nc = 37, nlh = 29), p = .4275, (B) VWF (nc =

37, nlh = 29), p = .9770, (C) sP-selectin (nc = 37, nlh = 29), p = .0178, (D) PF4 (nc = 37, nlh = 29), p = .2325, (E) MPO (nc = 36, nlh = 29), p = .0447,

(F) cfDNA (nc = 36, nlh = 29), p = .7957, (G) MPO-DNA complexes (nc = 34, nlh = 27), p = .0860, (H) H3Cit-DNA (nc = 33, nlh = 28), p = .0755, (I)

NETosis induction levels (nc = 37, nlh = 29), p = .0088. Statistical analysis was performed using two-tailed Mann–Whitney tests. (J) NETosis

induction levels of recovery clinic long haulers who experienced the most common symptoms and of all other convalescents (n = 17). Fatigue

(n = 25), shortness of breath (n = 18), chest pressure/pain (n = 8), cough (n = 7), and lung damage (n = 7). A significant difference was found

between the presented groups according to the Kruskal-Wallis test (p = .0306).
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patients with acute and chronic disease. This approach has been re-

ported with plasma from autoimmune disease [56], antiphospholipid

syndrome [57], and sepsis [58]. Using our NETosis induction assay, we

observed several important clinical associations. In our study cohort,

MPO-DNA could not detect significant differences in plasma NET

levels related to mechanical ventilation nor to ICU admission (as
previously reported [59]). However, the NETosis induction assay

demonstrated significantly higher levels in the sicker, ventilated

population of patients. NETosis induction by COVID-19 serum or

plasma has been previously documented using healthy neutrophils,

but in smaller sample sizes without detailed clinical correlation

[8,10,18]. Our study is the first to our knowledge to quantitatively
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investigate NETosis induction capability as a marker of disease

severity in acute and chronic COVID-19.

Dexamethasone is recommended as an immunomodulator for

patients hospitalized due to COVID-19 who require oxygen support

by the World Health Organization and Centers for Disease Control

and Prevention, and its use is implemented in Israel [24,60,61]. We

observed that patients with severe/critical COVID-19 treated with

dexamethasone had significantly low NETosis induction levels,

whereas their MPO-DNA levels were similar to the nontreated pa-

tients. These contradictory findings could be explained by the fact that

MPO-DNA may reflect existing NET levels in plasma at a specific

timepoint and these highly complex levels may already have been

present before sample collection (in fact contributing to the need for

dexamethasone treatment). Dexamethasone administration can

inhibit cytokine production (such as IL-6, IL-8, TNFα) [62,63], which is

important for neutrophil activation. This can explain partially the

lower ex vivo NET formation by isolated neutrophils after incubation

with the plasma of dexamethasone treated patients [64,65]. Because

NETosis induction levels likely reflect the functional improvement in

patient condition after dexamethasone treatment and reduced in-

flammatory cytokines, it may provide more time-sensitive and current

information regarding NET-related status.

Postacute COVID-19 syndrome is characterized by symptoms

experienced >4 weeks after recovery from infection. Although this

condition is reported globally, no agreed definition has been estab-

lished yet and no unifying mechanism exists for long COVID

[23,35,66–68]. Because we demonstrated NETosis induction level as a

potential predictor for disease prognosis, we used the same assay to

evaluate long COVID plasma samples. The incidence of postacute

COVID-19 syndrome among analyzed patients depends on the way

the cohort is defined in individual studies; the symptoms and study

methodology for how outcome was evaluated can affect the calcu-

lated occurrence (voluntary questioner, blood tests, and physical ex-

amination). Studies from Italy and France report up to 87% incidence

for long COVID in previously hospitalized patients, including 30%–

43% with dyspnea and 40%–53% with fatigue [34,69]. Long COVID

symptoms are also found in patients who were not hospitalized, with a

study in Switzerland reporting at least 32% of nonhospitalized pa-

tients with COVID-19 experiencing symptoms 30 to 45 days after

diagnosis [33]. In the current study, we defined long COVID or “long

haulers” as any patient who reported at least one symptom not related

to their normal state of health that persisted for ≥1 month after acute

disease recovery. According to this definition, which enables the most

inclusive approach for postacute COVID-19 syndrome, nearly 70% of

our convalescent cohort experienced long COVID symptoms and

almost three-quarters of these patients with long COVID were hos-

pitalized during their active disease. This is consistent with previous

reports linking long COVID to hospitalization and disease severity

[35,38]. Important to note, only 3 patients in our long COVID cohort

were in the ICU which supports the diagnosis of long COVID and not

post-ICU syndrome in our study cohort.

In our study, patients with long COVID who proactively attended

a Recovery Clinic (presumably for symptom management) had
significantly higher NETosis induction levels than the remaining

convalescent patients, whereas other NET-related measurements

such as cfDNA and MPO-DNA did not demonstrate this trend.

Furthermore, significantly higher NETosis induction levels were

grouped by the most common symptoms. These data provide the first

evidence that NETosis induction levels may reflect the underlying

pathophysiology of long COVID due to previous and possibly still

increased NETosis with immunothrombosis and end-organ damage.

This study includes several limitations due to its retrospective

design. The acute COVID-19 cohorts include only hospitalized pa-

tients. During the first pandemic wave in Israel (March-May 2020)[70],

all people infected with SARS-CoV-2 were hospitalized. As the

pandemic progressed, only the patients with COVID-19 who required

inpatient medical care were admitted. Not all plasma samples were

collected at the same time point after the patient first tested positive

for COVID-19, preventing a comprehensive longitudinal assessment

based on the severity at similar timepoints after infection. Another

limitation is the lack of a globally accepted definition for long COVID.

Accordingly, separate analyses that reflect the varied definitions for

long COVID are presented.

In summary, this study provides a comprehensive investigation of

COVID-19 and convalescent patients in Israel, with an emphasis on

persistent NETosis capability as a key contributor to disease mani-

festation. Our sample size enabled us to uncover nuances in NET

detection and expands existing knowledge about NETosis in COVID-

19, including the first description of increased NETosis induction in

long COVID. Continued efforts that degrade or block NET formation

(e.g., anti-inflammatories [71], DNase administration [72,73], NET in-

hibitors [8,74,75]) may prove an effective strategy in COVID-19.

Measurement of NETosis induction level capability is suggested as a

clinical biomarker for ongoing pathology in acute and chronic COVID-

19.
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