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Neutrophils and Contact Activation
of Coagulation as Potential Drivers of

COVID-19

for high rates of pulmonary thrombosis, is poorly characterized. Clinical

studies identified several biomarkers, such as D-dimer. Different mechanisms
have been proposed, including neutrophil and complement activation, vascular
damage, and tissue factor expression. The intrinsic pathway of coagulation, which
not only amplifies fibrin generation but also links to inflammation, including plas-
ma kallikrein and bradykinin, both proposed to contribute to COVID-19, has not
been studied. We performed a comprehensive analysis on the intrinsic pathway to
characterize its role in COVID-19. By simultaneously studying potential triggers of
the intrinsic pathway, we were able to identify neutrophils, neutrophil extracellular
traps (NETs), and complement activation as potential drivers of this complex im-
munothrombotic disease.

We included 228 consecutive patients with severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) confirmed by real-time polymerase chain reaction
(Table 1). Disease severity was classified as mild in patients not admitted to the
hospital, moderate in admitted patients requiring oxygen via nasal cannula, and
progressive/severe in patients requiring oxygen via a face mask, or admitted to the
intensive care unit for invasive ventilation or those who died <7 days. Thrombotic
events were uncommon in mild (n/N=2/54) and moderate COVID-19 (n/N=3/68) as
compared with progressive/severe disease (n/N=23/106; P=0.002). At presentation
and during follow-up, blood was obtained; sputum was collected in selected cases.
This study was approved by the local ethics committee (no. 2020-1315), with a
waiver of informed consent.

To delineate activation of coagulation, we used enzyme-linked immunosor-
bent assays to measure activated coagulation factors in complex with their nat-
ural inhibitors as described with modifications.” Hypercoagulability was found
in 131 (60%) out of 217 tested patients as indicated by increased levels of
thrombin:antithrombin. We report for the first time that hypercoagulability was
driven, at least partly, through contact activation as indicated by increased lev-
els of plasma kallikrein:C1 esterase inhibitor (n/N=195/217), FXla:a1 antitryp-
sin (n/N=206/217), FXla:antithrombin (n/N=60/217), and FIXa:antithrombin (n/
N=145/217). The finding that these circulating complexes remained stable at
day 5 (x2; n=53) and day 10 (£2; n=40) in patients with progressive/severe CO-
VID-19 treated with low molecular weight heparin corroborates this conclusion
as heparins exert only mild effects on contact activation. It is remarkable that our
data show that contact activation is already ongoing in most patients with mild
disease, but the downstream markers FXla:antithrombin, FIXa:antithrombin,
and thrombin:antithrombin are clearly linked to COVID-19 severity. This might
explain the high incidence of thrombotic events in patients with progressive/
severe disease. Also, von Willebrand factor antigen was associated with disease
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Table 1. Baseline Characteristics of 228 Patients With Coronavirus Disease 2019

2‘: Progressive/severe
E Normal range Mild (n=54) Moderate (n=68) (n=106) Overall P
2 M/F 29/25 42/26 78/28t 0.03%
g Age, y 62 (+16) 69 (x13)% 69 (x12)t 0.003%
& Days from illness onset 7 (5-11) 7 (5-14) 7 (5-14) 0.88
g SBP, mmHg 130 (£18) 138 (£22) 138 (£25) 0.09
= DBP, mmHg 80 (70-89) 83 (75-87) 80 (70-88) 0.65
Heart rate, bpm 90 (+21) 89 (+18) 96 (+20) 0.08
Body temperature, °C 37.6 (£0.8) 38.1 (£1.0)* 38.1 (£1.0)1 0.009%
Fever, % 10, 19 24, 36 36, 401 0.03%
SARS-CoV-2, Ct 31 (x4) 29 (£5) 29 (£5) 0.15
Medical history
Hypertension, % 16, 30 27,40 35, 33 0.48
Diabetes, % 12,22 10, 15 25,24 0.37
CVA, % 7,13 8,12 15, 14 0.94
Cardiac disease, % 15, 28 23,34 32,30 0.76
COPD/asthma, % 9,17 16, 24 13,12 0.08
None, % 14,26 16, 24 28,26 0.96
Routine biochemical measures
Platelets, x10%/L 130-350 225 (x97) 213 (£88) 209 (+66) 0.55
Leukocytes, x10%/L 3.5-11.0 5.9 (5.1-8.5) 6.6 (4.7-9.0) 7.5(5.8-10.1)t 0.006%
Neutrophils, x10%/L 1.4-7.7 4.5 (3.5-6.3) 5.0 (3.4-7.4) 5.9 (4.6-8.1)t 0.02%
Lymphocytes, x10%L 1.1-4.0 1.2(0.7-1.5) 0.8(0.6-1.2)% 0.7 (0.5-1.1)t <0.001%
AST, UL <35 38 (27-55) 49 (36-64) 54 (39-79)t <0.001#
LDH, U/L <250 273 (£91) 362 (£142)% 480 (£191)*1 <0.001+
Serum creatinine, ymol/L 60-115 83 (61-110) 86 (71-112) 92 (71-121) 0.26
Albumin, g/L 32.0-47.0 34 (31-38) 34 (30-36) 29 (26-32)*1 <0.001%
CRP, mg/L <10 57 (17-96) 66 (39-123) 101 (56-179)*t <0.001%
Coagulation factors n/N=48/54 n/N=66/68 n/N=103/106
PKa:C1INH, nM <0.3 2.0(0.8-3.9) 2.2(0.9-4.8) 1.9 (1.0-3.5) 0.68
High PKa:C1INH 43, 89% 59, 89% 93, 90% 1.00
FXla:AT, pM <42 24.4(17.4-36.2) 25.3(19.8-36.4) 30.0 (22.2-65.2)* 1 0.002%
High FXla:AT 7. 15% 13, 20% 40, 39%*t 0.002%
FXla:a1AT, pM <248 391 (309-625) 513 (395-751) 547 (403-809)t 0.007%
High FXla:a1AT 41, 85% 63, 96% 102, 99%* 0.002%
FIXa:AT, pM <56 53.8(33.0-80.9) 63.7 (43.4-91.4) 85.8(61.7-126.7)*t <0.001%
High FiXa:AT 20, 42% 42, 64%% 83, 81%*t <0.001%
TAT, ng/mL <5 4.2 (3.0-5.8) 5.5(3.7-10.2) 8.7 (4.9-21.6)*t <0.001#
High TAT 19, 40% 35, 53% 77, 75%*t <0.001+
Vascular damage
VWF:Ag, % <160 337 (153) 383 (+148) 462 (£161)*t <0.001%
High VWF:Ag 43, 90% 64, 97% 100, 97% 0.11
Neutrophils
C5a, ng/mL <21.1 15.4 (9.0-25.4) 21.9(16.5-29.7)% 22.1(10.8-31.6)t 0.02%
High C5a 29, 63% 50, 89%% 71, 74%t 0.007+
Extracellular histone H3, n/N 0/44 8/65% 14/102t 0.02%
In vitro NETosis, n/N 0/5 0/5 9/9*t <0.001+

Ranges indicate IQR. bold indicates significant observations; Ct, cycle time. The detection limit of extracellular histone H3 was 0.005 pg/mL. Differences between
groups were analyzed by unpaired sample t test, Mann-Whitney U test, 1-way ANOVA, or Kruskal-Wallis. Differences in categorical variables were analyzed by y? test
or Fisher exact test when appropriate; significant differences between patients groups: progressive/severe versus *moderate or tmild disease; moderate versus $mild
disease. a1AT indicates a1-antitrypsin; AST, aspartate transaminase; AT, antithrombin; C1INH, C1 esterase inhibitor; COPD, chronic obstructive pulmonary disease;
CRP, C-reactive protein; Ct, cycle time; CVA, cerebrovascular accident; DBP, diastolic blood pressure; F, female; FIXa, activated factor IX; FXla, activated factor XI; LDH,
lactate dehydrogenase; M, male; NETosis, neutrophil extracellular trap-osis; PKa, plasma kallikrein; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SBP,
systolic blood pressure; TAT, thrombin in complex with antithrombin; and vWF:Ag, von Willebrand factor antigen.

#Significant observations.
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severity, linking the pulmonary vasculature and plate-
lets to hypercoagulability.

Next, we questioned whether the overwhelming im-
mune response contributes to hypercoagulability. We
hypothesized that neutrophils, and more specific NET
formation with release of histones and DNA fragments,
trigger contact activation.? First, we assessed the pres-
ence of extracellular histone H3 (H3) in plasma and spu-
tum by Western blot using an antihuman H3 polyclonal
antibodies as described.? Extracellular H3 was detected
in patients with moderate and progressive/severe CO-
VID-19 but not in those with mild disease. Extracellular
H3 was citrullinated in 38 (73%) out of 52 cases, as de-
tected by anticitrulline monoclonal antibodies, indicat-
ing NETs as its origin. The presence of citrullinated H3
in sputum from 9 patients requiring invasive ventilation
linked neutrophil extracellular trap-osis (NETosis) to the
lungs. Thereafter, we assessed whether patients with
COVID-19 have circulating factors that induce NETosis
by incubating neutrophils from healthy donors with
patient serum diluted in medium for 4 hours at 37°C.
Serum samples from all 9 patients with progressive/
severe COVID-19 showed abundant formation of NETs
that stain positive for DNA, citrullinated H3, neutrophil
elastase, and myeloperoxidase on immunofluorescence
microscopy, whereas serum from patients with mild
and those with moderate COVID-19 did not; 2 (40%)
out of 5 samples from patients with moderate disease
only induced swelling of nuclei without NETosis. NETs
have been shown to colocalize with thrombi in CO-
VID-19.4 NETs with release of histones and DNA frag-
ments, which trigger contact activation,? may thereby
contribute to COVID-19-associated coagulopathy.

It has been appreciated that neutrophils, especial-
ly NETs, engage with coagulation and complement
in a triangular relationship to produce the immu-
nothrombotic response to invading pathogens. The
complement system plays a critical role in binding
SARS-CoV-2's N-protein, leading to the generation
of the potent anaphylatoxin C5a. The subsequent
attraction, priming, and activation of neutrophils
causes an amplification loop of complement and
neutrophil activation with more generation of C5a.®
C5a, quantified by enzyme immunoassay, was ele-
vated in COVID-19 and increased significantly with
disease severity.

In conclusion, our analysis of a large cohort of pa-
tients with COVID-19 presents strong indications that
hypercoagulability and thrombotic events are driven
by NETosis, contact activation, and complement.
The triangular relationship with its multiple amplify-
ing feedback loops urges therapeutic multiple-target
strategies to dampen the immunothrombotic re-
sponse effectively. Likely candidates are blockers of
C5a, emerging inhibitors of plasma kallikrein and FXIa,
and agents that neutralize extracellular histones. The
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challenge is to identify high-risk patients in the earliest
possible stage of disease.
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