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Coagulation activation is a prominent feature of severe acute respiratory syndrome

coronavirus 2 (COVID-19) infection. Activation of the contact system and intrinsic

pathway has increasingly been implicated in the prothrombotic state observed in both

sterile and infectious inflammatory conditions. We therefore sought to assess activation

of the contact system and intrinsic pathway in individuals with COVID-19 infection.

Baseline plasma levels of protease:serpin complexes indicative of activation of the

contact and intrinsic pathways were measured in samples from inpatients with

COVID-19 and healthy individuals. Cleaved kininogen, a surrogate for bradykinin release,

was measured by enzyme-linked immunosorbent assay, and extrinsic pathway activation

was assessed by microvesicle tissue factor–mediated factor Xa (FXa; MVTF) generation.

Samples were collected within 24 hours of COVID-19 diagnosis. Thirty patients with

COVID-19 and 30 age- and sex-matched controls were enrolled. Contact system and

intrinsic pathway activation in COVID-19 was demonstrated by increased plasma levels

of FXIIa:C1 esterase inhibitor (C1), kallikrein:C1, FXIa:C1, FXIa:a1-antitrypsin, and

FIXa:antithrombin (AT). MVTF levels were also increased in patients with COVID-19.

Because FIXa:AT levels were associated with both contact/intrinsic pathway complexes

and MVTF, activation of FIX likely occurs through both contact/intrinsic and extrinsic

pathways. Among the protease:serpin complexes measured, FIXa:AT complexes were

uniquely associated with clinical indices of disease severity, specifically total length

of hospitalization, length of intensive care unit stay, and extent of lung computed

tomography changes. We conclude that the contact/intrinsic pathway may contribute to

the pathogenesis of the prothrombotic state in COVID-19. Larger prospective studies are

required to confirm whether FIXa:AT complexes are a clinically useful biomarker of

adverse clinical outcomes.

Submitted 22 November 2021; accepted 19 February 2022; prepublished online on
Blood Advances First Edition 2 March 2022; final version published online 6 June 2022.
DOI 10.1182/bloodadvances.2021006620.

*M.W.H. and F.L. are joint first authors.
†N.S.K. and E.V.D.P. are joint senior authors.

Requests for data sharing may be submitted to Nigel S. Key or Erich Vinicius De
Paula (nigel_key@med.unc.edu or erich@unicamp.br).

The full-text version of this article contains a data supplement.

© 2022 by The American Society of Hematology. Licensed under Creative
Commons Attribution-NonCommercial-NoDerivatives 4.0 International (CC BY-NC-
ND 4.0), permitting only noncommercial, nonderivative use with attribution. All other
rights reserved.

Key Points

� Contact/intrinsic and
extrinsic pathways of
coagulation are both
activated in COVID-
19 and likely
contribute to FIX
activation in vivo.

� FIXa:AT complex level
may be an adverse
prognostic biomarker.
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Introduction

The critical role of coagulation pathways in the pathogenesis of
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) dis-
ease (COVID-19) is supported by a growing number of studies
demonstrating alterations of several biomarkers of coagulation acti-
vation, some of which have been associated with disease sever-
ity,1,2 elevated risk of venous thromboembolism,3,4 and/or presence
of pulmonary microvascular thrombi.5,6 Activation of coagulation in
the context of infectious disease has long been recognized as an
integral part of the host response to pathogens7,8 and involves a
complex interplay of immune cells, coagulation factors, and other
bioactive compounds, which has recently been termed immuno-
thrombosis. In the early phase of the SARS-CoV-2 pandemic,
D-dimer was identified as a biomarker correlating with disease
severity.9,10 However, plasma D-dimer generation is dependent
upon both the coagulation and fibrinolytic systems, and as such, it
does not address the mechanism of coagulopathy in COVID-19.
Tissue factor (TF) is a principal trigger of immunothrombosis in
acute respiratory distress syndrome,11 and plasma microvesicle-
associated TF (MVTF) activity has been demonstrated to correlate
with mortality in respiratory viral infections.12 Recently, the associa-
tion of MVTF with COVID-19 severity13 was reported, suggesting a
role for extrinsic activation in this disease. However, because of the
lack of an international TF standard, standardization of this assay
has not been possible.14 In addition, the assay operates at the limits
of sensitivity, with undetectable levels in many healthy individuals.
For these reasons, its use has been limited to research laboratories.

Components of the contact system (ie, factor XII [FXII] and FXI)
have increasingly been recognized as key mediators in the pro-
thrombotic states observed in multiple clinical contexts, such as
sepsis and cancer, despite their lesser roles in hemostasis.15-17

Both FXIa and kallikrein (PKa) can activate FIX after contact activa-
tion,18-20 and the TF:FVIIa complex can also directly activate FIX.21

Similarly, FXI may be activated not only by FXIIa but also by throm-
bin. FXIa is irreversibly inactivated by several serpins, including C1
inhibitor, a1-antitrypsin, and (in the presence of heparin) antithrom-
bin (AT), whereas PKa is primarily inactivated by C1. In turn, FIXa is
primarily inactivated by AT, forming a stable covalent FIXa:AT com-
plex. Meticulous sampling techniques and processing must be con-
sidered when evaluating plasma for these complexes, because the
principal activator of the contact pathway, FXII, undergoes acceler-
ated autoactivation upon contact with an anionic surface.22

Although growing interest in the contact pathway has raised the
question of targeting its component proteins for the prevention of
thrombotic complications,23,24 the laboratory characterization of
these complexes as indices of coagulation activation continues to
be challenging.15

To address the mechanism of coagulation activation in individu-
als presenting with COVID-19, we used a recently described
strategy to assess activation of the contact and intrinsic path-
ways25 and also measured MVTF levels as a biomarker of extrin-
sic pathway activation.26 In a preliminary secondary analysis, we
then sought to determine the associations between levels of
these biomarkers and adverse clinical outcomes in a well-
characterized study cohort.

Methods

Study population

The study was performed in accordance with the Declaration of Hel-
sinki and approved by the institutional review boards of the Univer-
sity of Campinas and University of North Carolina at Chapel Hill. All
patients (or their legal representatives) and all healthy volunteers
provided written informed consent before any study procedure. The
study population consisted of patients admitted to a single aca-
demic hospital with a diagnosis of COVID-19 between 23 April and
14 June 2020 who were enrolled in a clinical trial focused on brady-
kinin (BK) inhibition in COVID-19 (that trial was registered in the
Brazilian Clinical Trials Registry at https://ensaiosclinicos.gov.br/rg/
RBR-5s2mqg). In brief, 30 patients with severe COVID-19 were
randomly assigned to 1 of the following 3 treatment arms: standard
care, icatibant (BK receptor 2 inhibitor), or C1 esterase inhibitor.27

Samples used in our study were obtained before any trial interven-
tion (hereafter referred to as baseline samples). Inclusion criteria
included age $ 18 years, symptom duration #12 days, positive
real-time polymerase chain reaction for SARS-CoV-2, presence of
typical COVID-19 pneumonia on lung computed tomography (CT)
scan, and oxygen saturation #94% in ambient air or arterial oxygen
partial pressure/fractional inspired oxygen ratio ,300 mm Hg.
Exclusion criteria were pregnancy, severe renal or liver disease, HIV
infection or other immunodeficiency state, previous diagnosis of can-
cer, ischemic myocardial disease, history of thromboembolic events,
hereditary angioedema, or use of any experimental treatment for
SARS-CoV-2 infection. Age- and sex-matched healthy individuals
from the same geographic regions were recruited from health care
employees of the local blood bank, observing the same exclusion
criteria.

Sample collection and processing

After ensuring satisfactory venipuncture, blood samples were col-
lected into 3.2% sodium citrate or EDTA K2 tubes immediately after
enrollment in the clinical trial (median time from admission, 1 day;
range, 0-3 days). Samples were processed within 2 hours of collec-
tion by double centrifugation at 1800g for 15 minutes at 22�C to
obtain platelet-free plasma. EDTA K2 samples were subjected to
only a single centrifugation step. Aliquots (300 mL) were immedi-
ately frozen at 280�C until analysis.

Clinical and laboratory outcomes

Clinical and laboratory data were obtained from electronic medical
records and case report forms of the clinical trial. The extent of lung
disease on admission was based on CT scans performed upon
enrollment and scored according to previously published criteria.27

Laboratory evaluation of classical

hemostatic parameters

Coagulation screening assays (prothrombin time and activated par-
tial thromboplastin time), coagulation factor activity (fibrinogen,
FVIII:C, FIX:C, FX:C, FXI:C, and FXII:C), von Willebrand factor anti-
gen, von Willebrand ristocetin cofactor activity, and AT level were
measured in an automated coagulometer (ACL TOP 550 CTS;
Instrumentation Laboratory, Bedford, MA) using commercially avail-
able assays from the same manufacturer (HemosIL reagents).
D-dimer was measured using an immunoturbidimetric assay (Innov-
ance D-Dimer; Siemens Healthcare). P-selectin, urokinase-type
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plasminogen activator receptor, and plasminogen activator inhibitor
1 (PAI-1) levels were measured using a customized Luminex immu-
noassay (Procarta Plex multiplex panel; Thermo Fisher Scientific) in
a Bioplex 200 instrument (Bio-Rad). Plasmin-antiplasmin levels were
measured using a commercially available enzyme-linked immunosor-
bent assay (Technozym). All assays were performed in citrate-
anticoagulated plasma, except for the Luminex assays, which were
performed in EDTA-anticoagulated samples.

Protease:serpin complexes

Activation of the contact system and intrinsic coagulation pathway
was determined by immunologic assays to detect complexes of
proteases and their respective serpin inhibitors, as previously
described.25 Briefly, citrated test plasma was thawed at 37�C for
10 minutes before dilution into buffer containing benzamidine and
FPR-chloromethylketone to quench any remaining enzymatic activity.
Samples were assayed in triplicate and calculated against a stan-
dard curve. Complex standards were diluted into deficient plasma
for the respective assay; for example, FXIIa:C1 complexes were seri-
ally diluted into FXII-deficient plasma.

Measurement of intact and cleaved HK

The immunoassay for detecting intact and cleaved kininogen (HK)
was performed as previously described.28

Measurement of MVTF activity

Assessment of the procoagulant capacity of TF-bearing microve-
sicles was performed as previously described using an assay based
on FXa generation by isolated microvesicles in the presence of
added FX and FVIIa.29

Detection and enumeration of PDMVs

Platelet-derived microvesicles (PDMVs) were detected and enumer-
ated by flow cytometry using a CytoFLEX cytometer (Beckman
Coulter, Carlsbad, CA) as previously described.30 Briefly, 50 mL of
platelet-free plasma was thawed at 37�C for 3 minutes and incu-
bated on ice for 30 minutes with 20 mL of a reagent mix containing
1 mL of calcein Violet AM (Thermo Fisher Scientific), 1.5 mL of
bovine lactadherin fluorescein isothiocyanate (Haematologic Tech),
1 mL of anti-CD41 allophycocyanin (eBioscience), and 16.5 mL of
filtered sterile phosphate-buffered saline (PBS) buffer. Sterile PBS
(1930 mL) was added, and the solution was centrifuged at 20000g
for 30 minutes at 4�C. The resulting MV pellet was resuspended in
1000 mL of PBS buffer, and 100-mL aliquots were subjected to
flow cytometric analysis. PDMVs were identified as events positive
for lactadherin, calcein, and anti-CD41. Polystyrene spherical par-
ticles ,2000 nm (Rosetta calibration beads; Exometry, Amsterdam,
the Netherlands) were used for the quantification of events. PBS
buffer was used as negative control, and PDMVs were expressed
per events per milliliter.

Statistical analysis

Data are presented as mean 6 standard deviation or median (inter-
quartile range), as indicated. Differences in continuous variables
were analyzed using the Student t or Mann-Whitney test according
to data distribution, assessed by the D’Agostino and Pearson nor-
mality test. Correlation was calculated using the Pearson or Spear-
man correlation coefficient. A P value #.05 was considered
significant. All statistical analyses were performed using SPSS

(version 26; IBM) or GraphPad Prism (version 7.0; GraphPad, Inc.)
software.

Results

Study participant information

Thirty patients with COVID-19 and 30 healthy individuals were
included in this study. Basic demographic and hematologic charac-
teristics of the study population are shown in Table 1, and patient
comorbidities and medications are shown in supplemental Table 1.
Clinical characteristics of patients with COVID-19 are shown in
Table 2. As expected, at the time of admission, significantly higher
levels of several coagulation and fibrinolysis biomarkers were
observed in patients at presentation (Table 3). These included ele-
vated levels of multiple contact and intrinsic pathway coagulation

Table 1. Demographic and hematologic characteristics of study

participants

Patients

(n 5 30)

Healthy individuals

(n 5 30) P

Age, y 52.7 6 12.3 50.3 6 9.2 .40

Male/female ratio 16:14 16:14 1.00

Hemoglobin, g/dL 13.96 6 1.91 14.30 6 1.11 .42

Leukocytes, 109/L 8.04 6 3.91 5.58 6 1.58 .004

Neutrophils, 109/L 6.38 6 3.77 3.09 6 0.93 ,.001

Lymphocytes, 109/L 1.20 6 0.55 1.79 6 0.28 ,.001

Monocytes, 109/L 0.51 6 0.30 0.34 6 0.11 .047

Platelets, 109/L 216.33 6 93.02 245.59 6 40.34 .12

NLR 6.19 6 4.26 1.72 6 0.61 ,.001

Data are given as mean 6 standard deviation unless otherwise indicated.
NLR, neutrophil/lymphocyte ratio.

Table 2. Clinical characteristics of patients with COVID-19

Patients

(n 5 30)

Healthy individuals

(n 5 30)

Time from symptom onset, d 8.1 6 2.3 NA

Oxygen saturation, %* 95.24 6 2.86 NA

CT score 17.8 6 7.3 NA

Length of stay, d 12.9 6 9.8 NA

Total disease time, d 19.8 6 8.5 NA

Length of intensive care stay,
d (n 5 12)

15.5 (4.2-25.2) NA

Need for mechanical ventilation 9/30 (30) NA

Venous thromboembolism 4/30 (13.3) NA

Mortality 2/30 (6.7) NA

Lactate, mmol/L 1.44 6 0.51 NA

CRP, mg/L 96.3 (53.1-157.0) 2.0 (1.0-4.0)

Troponin, ng/mL 10.96 6 11.98 4.33 6 2.75

D-dimer, ng/mL 759 (625-1197) 243 (150-508)

Data are given as mean 6 standard deviation, median (interquartile range), or n/N (%).
Arterial blood lactate level was available only for patients.
CRP, C-reactive protein; NA, not applicable.
*After admission.
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factors (FXII, FXI, FIX, and FVIII) measured by 1-stage clotting
assays. In addition, as reported by others, von Willebrand factor and
fibrinolytic parameters were elevated.1,9,10 However, neither AT
chromogenic activity nor P-selectin antigen level differed between
patients and controls. Of note, neither baseline differences nor the
clinical outcomes evaluated in the study were affected by treatment
allocation in the 3 arms of the clinical trial from which baseline sam-
ples were obtained for this study (supplemental Table 2).27 More-
over, the standard patient care protocol did not differ by treatment
allocation (supplemental Table 3).

Contact and intrinsic pathway activation

Circulating levels of protease:serpin complexes in patients and con-
trols at baseline are shown in Figure 1. The levels of all complexes
in the contact and intrinsic pathways, with the exception of FXIa:AT,
were significantly elevated in patients with COVID-19 compared
with healthy individuals. These results are indicative of systemic
activation of the contact and intrinsic pathways. FIXa:AT level corre-
lated with other protease:serpin complexes in the contact pathway,
particularly FXIIa:C1 (Spearman correlation coefficient [rs] 5 0.54;
P , .001) and FXIa:C1 (rs 5 0.41; P 5 .001), supporting the
hypothesis that activation of the contact pathway contributes at
least in part to the downstream activation of FIX (Figure 2). Of note,
no differences were observed in FIXa:AT level between patients allo-
cated to any of the 3 treatment arms,27 either on admission or at
the end of treatment with study drug (day 14; supplemental Figure
1). These data support the fact that the experimental treatment arms
had no influence on FIXa:AT level. Lastly, we noted that 14 of the

Table 3. Hemostasis parameters in patients with COVID-19 on

admission

Patients

(n 5 30)

Healthy individuals

(n 5 30) P*

Fibrinogen, mg/dL 773.7 (696.8-913.1) 325.0 (283.4-343.4) ,.001

PT, s 11.8 (11.4-12.7) 11.1 (10.7-11.1) .15

aPTT, s 33.7 6 5.1 30.75 6 2.4 .01

FVIII activity, % 219.9 6 93.3 132.1 6 31.3 ,.001

FIX activity, % 179.6 6 47.1 119.0 6 24.9 ,.001

FX activity, % 127.7 6 25.8 112.9 6 19.3 .02

FXI activity, % 192.9 6 48.4 124.9 6 29.3 ,.001

FXII activity, % 214.5 6 80.9 174.1 6 47.1 .03

VWF:Ag, IU/dL 248.0 (238.2-475.8) 162.3 (95.3-189.5) ,.001

Ristocetin cofactor activity, % 311.7 6 66.4 130.5 6 44.9 ,.001

VWF:Ag/FVIII ratio 1.34 (1.04-2.15) 1.15 (0.94-1.27) .001

P-selectin, pg/mL 3540.5 6 1773.8 2926 6 1352.7 .14

AT, % 114.1 6 17.9 109.4 6 10.5 .26

uPAR, ng/mL 1.80 6 0.57 1.08 6 0.30 ,.001

PAI-1, pg/mL 702.1 6 153.3 588.4 6 194.7 .015

PAP, mg/mL 1.24 (0.99-2.10) 0.35 (0.30-0.46) ,.001

Data are given as median (interquartile range) or mean 6 standard deviation. Two
sodium citrate samples from patients were not processed because of critical preanalytic
issues (low volume).
Ag, antigen; aPTT, activated partial thromboplastin time; PAP, plasmin-antiplasmin

complexes; PT, prothrombin time; uPAR, urokinase-type plasminogen activator receptor;
VWF, von Willebrand factor.
*Mann-Whitney or t test for nonparametric or parametric data, respectively.
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Figure 1. Contact and intrinsic pathway activation in patients and healthy

individuals. Dot plots showing plasma levels of intact high molecular weight HK

(A), cleaved HK (B), kallikrein:C1 inhibitor (C), FXIIa:C1 (D), FXIa:C1 inhibitor (E),

FXIa:a1-antitrypsin (F), FXIa:antithrombin (G), and FIXa:AT (H). Mean 6 standard

deviation or median (horizontal bars) depicted for Gaussian and non-Gaussian

data, respectively; similarly, P values are from t or Mann-Whitney test according to

data distribution (n 5 28-30 per group). Notably, because the standard curve

typically spans 4 logs for FXIa:a1-antitrypsin complex, many patient samples

exceeded the upper limit of detection. Samples from 2 patients were not processed

because of critical preanalytic issues (low volume).
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30 enrolled patients received a single prophylactic 40-mg dose of
enoxaparin before baseline laboratory results were obtained. How-
ever, neither the serine protease:serpin levels nor any of the other
biomarkers demonstrated any trends when comparing those who
did vs those did not receive enoxaparin (data not shown).

Correlations between individual biomarkers

Next, we evaluated whether classical biomarkers of thromboinflam-
mation correlated with circulating FIXa:AT complexes. The correla-
tion coefficient (rs) between FIXa:AT level and D-dimer was 0.481
(P # .001). A commonly measured prognostic biomarker in
COVID-19, CRP, was also moderately correlated with D-dimer
(rs 5 0.51; P 5 .005) but only at a moderate to low degree with
FIXa:AT (rs 5 0.37; P 5 .06). Soluble P-selectin, which has
been reported to be elevated in patients with COVID-19,31 was
moderately correlated with CRP (rs 5 0.64; P , .0001), D-dimer
(rs 5 0.52; P 5 .003), and FIXa:AT (rs 5 0.41; P 5 .002). We pos-
ited that participation of FIXa in the phospholipid-dependent intrinsic
tenase complex on activated platelets might contribute to thrombin-
dependent activation of platelets and enhanced release of platelet
(CD411)–derived microvesicles. Indeed, as shown in Figure 3, the
FIXa:AT complex was moderately correlated with platelet-derived
microvesicle number in plasma (rs 5 0.45; P 5 .0004).

Contribution of MVTF activity to FIXa:AT generation

Recent reports have demonstrated that TF-bearing microvesicles
are correlated with disease severity and mortality in COVID-19.13,32

To explore whether increased extrinsic pathway activation could also
contribute to FIXa generation in COVID-19, we measured MVTF
activity in plasma. Figure 4A demonstrates that MVTF activity was
significantly elevated in patients with COVID-19 compared with
healthy individuals, albeit with significant overlap at lower or unde-
tectable concentrations. However, MVTF activity was moderately but
significantly correlated with circulating FIXa:AT complex (r 5 0.45;
P 5 .0006; Figure 4B). The latter observation suggests that the
TF:FVIIa complex may also contribute to FIX activation in vivo.

Plasma analytes as potential markers of

disease severity

Finally, we explored whether the circulating level of $1 protease:ser-
pin complexes and/or other biomarkers might be associated with
clinically relevant adverse outcomes, specifically total length of hos-
pital stay, length of intensive care unit stay, and progression of lung
disease based on radiologic CT score. As shown in Table 4,
although a number of analytes were significantly associated with
$1 of these outcomes, only a few were associated with all 3
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outcomes. These included several candidate biomarkers that have
previously been implicated as prognostic biomarkers, including
CRP,33 D-dimer,34 and PAI-1.35 In addition, plasma level of FIXa:AT
complex was also associated with all recorded adverse clinical out-
comes (Table 4; Figure 5). In sum, these data suggest that
FIXa generation, a specific marker of coagulation activation, may be
a novel biomarker of clinically significant adverse outcomes in
COVID-19.

Discussion

The mechanism underlying coagulation activation and its
contribution to adverse outcomes in severe SARS-CoV-2 disease

(COVID-19) remain elusive. In this exploratory study, circulating lev-
els of protease:serpin complexes indicative of contact and intrinsic
pathway activation were observed to be elevated in patients with
COVID-19. We demonstrated that levels of the various FXIa:serpin
complexes and, to a lesser extent, PKa:C1 complexes were
positively correlated with FIXa:AT level, suggesting that both FXIa
and PKa might contribute to FIX activation in vivo.18-20 Furthermore,
in agreement with previous reports,13,32 we observed that MVTF
level was also elevated at baseline and also correlated with level of
FIXa:AT, suggesting that the activation of FIX occurs via both the
contact/intrinsic and extrinsic pathways. Whatever the mechanism
of initial FIX activation, the resultant downstream thrombin genera-
tion may then activate FXI, thereby promoting further FIX
activation.36

Although activation of the contact pathway by bacterial infection has
been described in humans and in animal models,24,37 few studies
have investigated whether this pathway is activated in viral infec-
tion.38,39 Hyperinflammation associated with COVID-19 results in
activation of innate immune cells (neutrophils and monocytes) that
interact with platelets and the coagulation cascade, ultimately lead-
ing to micro- and macrothrombosis. Generation of neutrophil extra-
cellular traps40,41 and/or release of platelet-derived polyphosphate42

may promote activation of the contact pathway in COVID-19 during
immunothrombosis in the microvasculature of the lung and other
vascular beds. In addition to its contribution to thrombin generation,
contact activation leads to an inflammatory cascade mediated by
BK as a product of PKa cleavage of HK. Indeed, the phrase BK
storm was coined to describe the dysregulated generation of BK
(and its metabolite des-Arg9-BK) in COVID-19 infection, which may
enhance pulmonary inflammation and increase vascular permeabil-
ity.43,44 Although the very short half-life of BK makes it challenging
to measure directly in plasma, BK generation can be inferred by
quantitation of the more stable cleaved form of HK.28 Our data sug-
gest that in the early stages of infection, levels of cleaved HK are
significantly increased in those with COVID-19 compared with
healthy individuals, but this is accompanied by an increased concen-
tration of the intact form of HK, likely as a compensatory response.
This interpretation is compatible with other data shown here indicat-
ing that increased zymogen levels of the other contact factors are
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Table 4. Association between clinical and laboratory markers in

hospitalized patients with COVID-19

Laboratory marker

Clinical outcomes

Length of

hospital stay

Length of

ICU stay

Extent of lung

CT changes

Neutrophil/

lymphocyte ratio

rs 0.065 0.174 0.384

P .752 .377 .044

Platelet count

rs 0.030 20.028 0.172

P .880 .884 .364

CRP

rs 0.401 0.389 0.533

P .038 .037 .003*

Lactate

rs 0.173 20.030 20.088

P .378 .874 .644

Troponin

rs 0.148 0.279 0.309

P .452 .135 .096

D-dimer

rs 0.348 0.436 0.511

P .06 .016 .004

Fibrinogen

rs 0.173 20.124 0.296*

P .418 .545 .142

PT

rs 0.138 0.197 0.442

P .512 .324 .021

aPTT

rs 0.158 0.126 0.292*

P .452 .531 .140

FVIII activity

rs 20.235 20.161 20.096*

P .258 .423 .632

FIX activity

rs 0.045 0.054 0.129*

P .812 .776 .496

FXI activity

rs 20.106 20.298 20.226*

P .629 .148 .278

FXII activity

rs 20.066 20.236 20.219

P .753 .236 .272

VWF:Ag

rs 20.174 20.008 20.135

P .439 .971 .528

Table 4. (continued)

Laboratory marker

Clinical outcomes

Length of

hospital stay

Length of

ICU stay

Extent of lung

CT changes

Ristocetin cofactor

activity

rs 0.086 20.053 0.136

P .684 .793 .498

P-selectin

rs 0.335 0.396 0.559

P .081 .030 .001

AT

rs 0.098 0.065 0.213*

P .612 .738 .112

uPAR

rs 0.177 0.231 0.072

P .366 .220 .707

PAI-1

rs 0.383 0.586 0.488

P .044 .001 .006

PAP

rs 0.274 0.603 0.332

P .166 .001 .078

FXIIa:C1 esterase

rs 20.006 0.175 0.012*

P .977 .372 .952

Kallikrein:C1

esterase

rs 0.174 20.060 20.185*

P .396 .760 .345

FXIa:C1 esterase

rs 20.009 20.009 0.176*

P .657 .647 .369

FXIa:a1-antitrypsin

rs 0.053 20.132 20.014

P .798 .512 .488

FXIa:AT

rs 0.142 0.385 0.385

P .488 .043 .043

FIXa:AT

rs 0.461 0.588 0.497

P .018 .002 .007

MVTF

rs 0.26 0.33 0.37

P .17 .082 .047

Spearman correlation coefficient is given unless otherwise indicated (Spearman or
Pearson was used according to variable distribution but yielded similar results).
aPTT, activated partial thromboplastin time; ICU, intensive care unit; PAP, plasmin-

antiplasmin complexes; uPAR, urokinase-type plasminogen activator receptor; VWF, von
Willebrand factor.
*Pearson correlation coefficient.
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also associated with elevated levels of the respective serine protea-
se:serpin complexes (eg, elevated FXII:C and increased FXIIa:C1
complexes were observed in the same samples).

An exploratory aim of this study was to evaluate associations
between established and novel biomarkers of coagulation activation
and adverse clinical outcomes. Along with D-dimer, CRP, and PAI-
1, the concentration of FIXa:AT complex upon admission was asso-
ciated with total duration of hospitalization, duration of intensive
care, and degree of lung injury assessed by CT score. Although
involvement of the contact pathway in SARS-CoV2 infection was
suggested early in the pandemic,45-48 there are limited data linking
activation of this pathway with patient outcomes.49,50 A single study
evaluated contact activation biomarkers in conjunction with FIXa:AT
complex in patients with COVID-19. Busch et al49 quantified these-
biomarkers at presentation and during follow-up in patient
cohorts with mild, moderate, or severe disease. Levels of PKa:C1,
FXIa:a1-antitrypsin, FXIa:AT, and FIXa:AT were all elevated at
baseline and on follow-up. Notably, all 3 downstream activation
biomarkers (FXIa:AT, FIXa:AT, and TAT) demonstrated a strong
association (P , .0001) with COVID-19 disease severity. Even
allowing for the different definitions of clinical severity, these findings
are in broad agreement with the data presented in our report.

This study has several limitations. First, the sample size was
relatively small, although the differences in the levels of measured
analytes between patients and healthy individuals were rather pro-
found. Moreover, consecutive enrollment of a well-defined patient
population, standardized sample collection with control of preana-
lytic variables, and structured obtention of clinical and laboratory
data in the setting of a randomized controlled trial served to mini-
mize the inherent heterogeneity of observational studies conducted
in the early phases of the pandemic. Second, we did not measure
longitudinal trends in the selected analytes; however, our primary
objective was to assess baseline levels of the contact activation
markers and preliminarily evaluate their clinical prognostic potential.
Furthermore, we wished to avoid any confounding by treatment allo-
cation that may have been operative at subsequent time points.
Finally, although our study did not include a control group of
patients with non–COVID-19 pneumonia, it should be noted that
the primary objective was not to determine whether any observed
changes were specific to COVID-19. Rather, we sought to identify
whether $1 of the measured analytes might be novel prognostic
indicators of adverse clinical outcomes. Indeed, our preliminary anal-
ysis suggests that baseline FIXa:AT complex may have such prog-
nostic significance. However, because it is difficult to conclude that
a meaningful association exists between these laboratory
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Figure 5. Association of FIXa:AT complex with clinical outcomes among patients with COVID-19. FIXa:AT level in patients divided by need for intensive care
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Samples from 2 patients were not processed because of critical preanalytic issues (low volume).

3374 HENDERSON et al 14 JUNE 2022 • VOLUME 6, NUMBER 11

D
ow

nloaded from
 http://ashpublications.org/bloodadvances/article-pdf/6/11/3367/1900149/advancesadv2021006620.pdf by guest on 28 June 2022



parameters and clinical outcomes when the latter are ,20, a larger
appropriately powered prospective study is required to validate this
hypothesis.

Acknowledgments

The authors thank the staff members of the hospital and
research institutions in which this study was conducted and the
patients and healthy volunteers who agreed to participate.
This study was funded by Sao Paulo Research Foundation

grants 2016/14172-6 and 2020/05985-9, FAEPEX-Unicamp grant
2404/2020, and Coordenacao de Aperfeicoamento de Pessoal de
Nivel Superior–Brasil (finance code 001). The project was also
supported by the National Center for Advancing Translational Sci-
ences, National Institutes of Health, through grant UL1TR002489.
The content is solely the responsibility of the authors and

does not necessarily represent the official views of the National
Institutes of Health.

Authorship

Contribution: M.W.H. performed protease:serpin complex assays
and microvesicle assays, contributed to data analysis, and drafted
the manuscript; F.L. obtained and processed samples, performed
coagulation factor assays, and contributed to data analysis;
C.R.P.M. obtained and processes samples and performed multiplex
assays: A.I. performed protease:serpin complex assays and contrib-
uted to data analysis; S.C.H., M.S.B., and I.S. processed samples
for microvesicle quantification, designed the strategy, and performed
flow cytometric assays; A.C.P., T.A.N., R.G.U., L.C.R., A.F.B., and

B.B. recruited and managed patients and obtained patient/outcome
data; S.S.J.D. analyzed and scored lung tomographies; S.S. pro-
vided resources for measurement of high molecular weight kinino-
gen; J.M.A.-B. provided laboratory support and infrastructure for
classical coagulation assays; F.A.O. contributed to study design
and data analysis; M.L.M., E.M., and L.A.V. designed and conducted
the clinical trial from which patients were recruited; N.S.K. contrib-
uted to study design, oversaw and provided resources and infra-
structure for protease:serpin complexes assays, contributed to data
analysis, and drafted the manuscript; E.V.D.P. designed the study,
obtained and processed samples, oversaw and provided resources
and infrastructure for coagulation and microvesicle analyses, contrib-
uted to data analysis, and drafted the manuscript; and all authors
revised and approved the manuscript.

Conflict-of-interest disclosure: The authors declare no competing
financial interests.

ORCID profiles: C.R.P.M., 0000-0002-6871-7097; S.C.H.,
0000-0003-3322-0598; I.S., 0000-0002-8141-0962; R.G.U.,
0000-0003-0013-2831; L.C.R., 0000-0002-8211-0275; A.F.B.,
0000-0002-7150-5757; S.S.J.D., 0000-0002-3694-9539; M.L.M.,
0000-0002-2280-5649; E.M., 0000-0001-6450-6930; N.S.K.,
0000-0002-8930-4304; E.V.D.P., 0000-0003-1539-7912.

Correspondence: Nigel S. Key, 8008B Mary Ellen Jones
Building, CB #7035, Chapel Hill, NC 27599; e-mail: nigel_key@
med.unc.edu; and Erich Vinicius De Paula, Rua Carlos Chagas
480, Laboratory of Hemostasis and Inflammation, Campinas,
SP 13083-878, Brazil; e-mail: erich@unicamp.br.

References

1. Mackman N, Antoniak S, Wolberg AS, Kasthuri R, Key NS. Coagulation abnormalities and thrombosis in patients infected with SARS-CoV-2 and
other pandemic viruses. Arterioscler Thromb Vasc Biol. 2020;40(9):2033-2044.

2. Susen S, Rauch A, Lenting PJ. Coagulation markers are independent predictors of increased oxygen requirements and thrombosis in COVID-19:
response from original authors Susen, et al. J Thromb Haemost. 2020;18(12):3385-3386.

3. Jim�enez D, Garc�ıa-Sanchez A, Rali P, et al. Incidence of VTE and bleeding among hospitalized patients with coronavirus disease 2019: a
systematic review and meta-analysis. Chest. 2021;159(3):1182-1196.

4. Klok FA, Kruip MJHA, van der Meer NJM, et al. Confirmation of the high cumulative incidence of thrombotic complications in critically ill ICU
patients with COVID-19: an updated analysis. Thromb Res. 2020;191:148-150.

5. Ackermann M, Verleden SE, Kuehnel M, et al. Pulmonary vascular endothelialitis, thrombosis, and angiogenesis in Covid-19. N Engl J Med. 2020;
383(2):120-128.

6. Dolhnikoff M, Duarte-Neto AN, de Almeida Monteiro RA, et al. Pathological evidence of pulmonary thrombotic phenomena in severe COVID-19.
J Thromb Haemost. 2020;18(6):1517-1519.

7. Fiusa MML, Carvalho-Filho MA, Annichino-Bizzacchi JM, De Paula EV. Causes and consequences of coagulation activation in sepsis: an
evolutionary medicine perspective. BMC Med. 2015;13:105.

8. Opal SM. Phylogenetic and functional relationships between coagulation and the innate immune response. Crit Care Med. 2000;28(9 suppl):
S77-S80.

9. Iba T, Levy JH, Levi M, Thachil J. Coagulopathy in COVID-19. J Thromb Haemost. 2020;18(9):2103-2109.

10. Tang N, Li D, Wang X, Sun Z. Abnormal coagulation parameters are associated with poor prognosis in patients with novel coronavirus pneumonia.
J Thromb Haemost. 2020;18(4):844-847.

11. Idell S, Gonzalez K, Bradford H, et al. Procoagulant activity in bronchoalveolar lavage in the adult respiratory distress syndrome. Contribution of
tissue factor associated with factor VII. Am Rev Respir Dis. 1987;136(6):1466-1474.

12. Rondina MT, Tatsumi K, Bastarache JA, Mackman N. Microvesicle tissue factor activity and IL-8 levels are associated with mortality in patients with
influenza A/H1N1 infection. Crit Care Med. 2016;44(3):574-578.

14 JUNE 2022 • VOLUME 6, NUMBER 11 CONTACT ACTIVATION IN COVID-19 3375

D
ow

nloaded from
 http://ashpublications.org/bloodadvances/article-pdf/6/11/3367/1900149/advancesadv2021006620.pdf by guest on 28 June 2022

https://orcid.org/0000-0002-6871-7097
https://orcid.org/0000-0003-3322-0598
https://orcid.org/0000-0002-8141-0962
https://orcid.org/0000-0003-0013-2831
https://orcid.org/0000-0002-8211-0275
https://orcid.org/0000-0002-7150-5757
https://orcid.org/0000-0002-3694-9539
https://orcid.org/0000-0002-2280-5649
https://orcid.org/0000-0001-6450-6930
https://orcid.org/0000-0002-8930-4304
https://orcid.org/0000-0003-1539-7912
mailto:nigel_key@med.unc.edu
mailto:nigel_key@med.unc.edu
mailto:erich@unicamp.br


13. Guervilly C, Bonifay A, Burtey S, et al. Dissemination of extreme levels of extracellular vesicles: tissue factor activity in patients with severe
COVID-19. Blood Adv. 2021;5(3):628-634.

14. Hisada Y, Alexander W, Kasthuri R, et al. Measurement of microparticle tissue factor activity in clinical samples: a summary of two tissue
factor-dependent FXa generation assays [published correction appears in Thromb Res. 2016;147:63]. Thromb Res. 2016;139:90-97.

15. Campello E, Henderson MW, Noubouossie DF, Simioni P, Key NS. Contact system activation and cancer: new insights in the pathophysiology of
cancer-associated thrombosis. Thromb Haemost. 2018;118(2):251-265.

16. Grover SP, Mackman N. Intrinsic pathway of coagulation and thrombosis. Arterioscler Thromb Vasc Biol. 2019;39(3):331-338.

17. Raghunathan V, Zilberman-Rudenko J, Olson SR, Lupu F, McCarty OJT, Shatzel JJ. The contact pathway and sepsis. Res Pract Thromb Haemost.
2019;3(3):331-339.

18. Kearney KJ, Butler J, Posada OM, et al. Kallikrein directly interacts with and activates Factor IX, resulting in thrombin generation and fibrin formation
independent of Factor XI. Proc Natl Acad Sci USA. 2021;118(3):e2014810118.

19. Noubouossie DF, Henderson MW, Mooberry M, et al. Red blood cell microvesicles activate the contact system, leading to factor IX activation via 2
independent pathways. Blood. 2020;135(10):755-765.

20. Visser M, van Oerle R, Ten Cate H, et al. Plasma kallikrein contributes to coagulation in the absence of factor XI by activating factor IX. Arterioscler
Thromb Vasc Biol. 2020;40(1):103-111.

21. Osterud B, Rapaport SI. Activation of factor IX by the reaction product of tissue factor and factor VII: additional pathway for initiating blood
coagulation. Proc Natl Acad Sci USA. 1977;74(12):5260-5264.

22. Shamanaev A, Emsley J, Gailani D. Proteolytic activity of contact factor zymogens. J Thromb Haemost. 2021;19(2):330-341.

23. Silasi R, Keshari RS, Lupu C, et al. Inhibition of contact-mediated activation of factor XI protects baboons against S aureus-induced organ damage
and death [published correction appears in Blood Adv. 2020;4(15):3741]. Blood Adv. 2019;3(4):658-669.

24. Silasi R, Keshari RS, Regmi G, et al. Factor XII plays a pathogenic role in organ failure and death in baboons challenged with Staphylococcus
aureus. Blood. 2021;138(2):178-189.

25. Henderson MW, Noubouossie DF, Ilich A, et al. Protease: serpin complexes to assess contact system and intrinsic pathway activation. Res Pract
Thromb Haemost. 2020;4(5):789-798.

26. Key NS, Mackman N. Tissue factor and its measurement in whole blood, plasma, and microparticles. Semin Thromb Hemost. 2010;36(8):865-875.

27. Mansour E, Palma AC, Ulaf RG, et al. Safety and outcomes associated with the pharmacological inhibition of the kinin-kallikrein system in severe
COVID-19. Viruses. 2021;13(2):309.

28. Yamamoto-Imoto H, Zamolodchikov D, Chen ZL, et al. A novel detection method of cleaved plasma high-molecular-weight kininogen reveals its
correlation with Alzheimer’s pathology and cognitive impairment. Alzheimers Dement (Amst). 2018;10:480-489.

29. Geddings JE, Mackman N. Tumor-derived tissue factor-positive microparticles and venous thrombosis in cancer patients. Blood. 2013;122(11):
1873-1880.

30. Olatunya OS, Lanaro C, Longhini AL, et al. Red blood cells microparticles are associated with hemolysis markers and may contribute to clinical
events among sickle cell disease patients. Ann Hematol. 2019;98(11):2507-2521.

31. Goshua G, Pine AB, Meizlish ML, et al. Endotheliopathy in COVID-19-associated coagulopathy: evidence from a single-centre, cross-sectional
study. Lancet Haematol. 2020;7(8):e575-e582.

32. Rosell A, Havervall S, von Meijenfeldt F, et al. Patients with COVID-19 have elevated levels of circulating extracellular vesicle tissue factor activity
that is associated with severity and mortality-brief report. Arterioscler Thromb Vasc Biol. 2021;41(2):878-882.

33. Zhang J, Yu M, Tong S, Liu LY, Tang LV. Predictive factors for disease progression in hospitalized patients with coronavirus disease 2019 in
Wuhan, China. J Clin Virol. 2020;127:104392.

34. Li Y, Zhao K, Wei H, et al. Dynamic relationship between D-dimer and COVID-19 severity. Br J Haematol. 2020;190(1):e24-e27.

35. Andrianto, Al-Farabi MJ, Nugraha RA, Marsudi BA, Azmi Y. Biomarkers of endothelial dysfunction and outcomes in coronavirus disease 2019
(COVID-19) patients: a systematic review and meta-analysis. Microvasc Res. 2021;138:104224.

36. Matafonov A, Sarilla S, Sun MF, et al. Activation of factor XI by products of prothrombin activation. Blood. 2011;118(2):437-445.

37. Berkestedt I, Andersson P, Herwald H, Valik JK, S€orensen O, Bodelsson M. Early depletion of contact system in patients with sepsis: a prospective
matched control observational study. APMIS. 2018;126(12):892-898.

38. Taylor SL, Wahl-Jensen V, Copeland AM, Jahrling PB, Schmaljohn CS. Endothelial cell permeability during hantavirus infection involves factor
XII-dependent increased activation of the kallikrein-kinin system. PLoS Pathog. 2013;9(7):e1003470.

39. van Gorp ECM, Minnema MC, Suharti C, et al. Activation of coagulation factor XI, without detectable contact activation in dengue haemorrhagic
fever. Br J Haematol. 2001;113(1):94-99.

40. Barnes BJ, Adrover JM, Baxter-Stoltzfus A, et al. Targeting potential drivers of COVID-19: neutrophil extracellular traps. J Exp Med. 2020;217(6):
e20200652.

41. Middleton EA, He X-Y, Denorme F, et al. Neutrophil extracellular traps contribute to immunothrombosis in COVID-19 acute respiratory distress
syndrome. Blood. 2020;136(10):1169-1179.

42. Taus F, Salvagno G, Can�e S, et al. Platelets promote thromboinflammation in SARS-CoV-2 pneumonia. Arterioscler Thromb Vasc Biol. 2020;
40(12):2975-2989.

3376 HENDERSON et al 14 JUNE 2022 • VOLUME 6, NUMBER 11

D
ow

nloaded from
 http://ashpublications.org/bloodadvances/article-pdf/6/11/3367/1900149/advancesadv2021006620.pdf by guest on 28 June 2022



43. Garvin MR, Alvarez C, Miller JI, et al. A mechanistic model and therapeutic interventions for COVID-19 involving a RAS-mediated bradykinin storm.
Elife. 2020;9:e59177.

44. McCarthy CG, Wilczynski S, Wenceslau CF, Webb RC. A new storm on the horizon in COVID-19: bradykinin-induced vascular complications.
Vascul Pharmacol. 2021;137:106826.

45. Shatzel JJ, DeLoughery EP, Lorentz CU, et al. The contact activation system as a potential therapeutic target in patients with COVID-19. Res Pract
Thromb Haemost. 2020;4(4):500-505.

46. de Maat S, de Mast Q, Danser AHJ, van de Veerdonk FL, Maas C. Impaired breakdown of bradykinin and its metabolites as a possible cause for
pulmonary edema in COVID-19 infection. Semin Thromb Hemost. 2020;46(7):835-837.

47. Meini S, Zanichelli A, Sbrojavacca R, et al. Understanding the pathophysiology of COVID-19: could the contact system be the key? Front Immunol.
2020;11:2014.

48. van de Veerdonk FL, Netea MG, van Deuren M, et al. Kallikrein-kinin blockade in patients with COVID-19 to prevent acute respiratory distress
syndrome. Elife. 2020;9:e57555.

49. Busch MH, Timmermans SAMEG, Nagy M, et al. Neutrophils and contact activation of coagulation as potential drivers of COVID-19. Circulation.
2020;142(18):1787-1790.

50. Lipcsey M, Persson B, Eriksson O, et al. The outcome of critically ill COVID-19 patients is linked to thromboinflammation dominated by the
kallikrein/kinin system. Front Immunol. 2021;12:627579.

14 JUNE 2022 • VOLUME 6, NUMBER 11 CONTACT ACTIVATION IN COVID-19 3377

D
ow

nloaded from
 http://ashpublications.org/bloodadvances/article-pdf/6/11/3367/1900149/advancesadv2021006620.pdf by guest on 28 June 2022


	TF1
	TF2
	TF3
	TF4
	TF5
	TF6
	TF7
	TF8
	TF9
	TF10
	TF11

