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Abstract

Background: Severe acute respiratory syndrome coronavirus 2 infection is associated
with an increased incidence of thrombosis.

Objectives: By studying the fibrin network structure of coronavirus disease 2019
(COVID-19) patients, we aimed to unravel pathophysiological mechanisms that con-
tribute to this increased risk of thrombosis. This may contribute to optimal prevention
and treatment of COVID-19 related thrombosis.

Patients/Methods: In this case-control study, we collected plasma samples from in-
tensive care unit (ICU) patients with COVID-19, with and without confirmed throm-
bosis, between April and December 2020. Additionally, we collected plasma from
COVID-19 patients admitted to general wards without thrombosis, from ICU patients
with pneumococcal infection, and from healthy controls. Fibrin fiber diameters and fi-

brin network density were quantified in plasma clots imaged with stimulated emission
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depletion microscopy and confocal microscopy. Finally, we determined the sensitivity
to fibrinolysis.

Results: COVID-19 ICU patients (n = 37) and ICU patients with pneumococcal dis-
ease (n = 7) showed significantly higher fibrin densities and longer plasma clot lysis
times than healthy controls (n = 7). No differences were observed between COVID-19
ICU patients with and without thrombosis, or ICU patients with pneumococcal infec-
tion. At a second time point, after diagnosis of thrombosis or at a similar time point
in patients without thrombosis, we observed thicker fibers and longer lysis times in
COVID-19 ICU patients with thrombosis (n = 19) than in COVID-19 ICU patients with-
out thrombosis (n = 18).

Conclusions: Our results suggest that severe COVID-19 is associated with a changed
fibrin network structure and decreased susceptibility to fibrinolysis. Because these

changes were not exclusive to COVID-19 patients, they may not explain the increased

thrombosis risk.

KEYWORDS

1 | INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is the cause of coronavirus disease 2019 (COVID-19), currently
causing a global pandemic. SARS-CoV-2 mainly targets the
human respiratory tract, causing flulike symptoms ranging from
coughing to acute respiratory distress syndrome, requiring me-
chanical ventilation. Furthermore, COVID-19 patients show an
increased risk of thrombotic events.? The incidence of these
thrombotic events in COVID-19 intensive care unit (ICU) pa-
tients is higher than in ICU patients in general or in ICU patients
with influenza.®* This observation suggests that besides ICU ad-
mission, additional prothrombotic factors must play a role in the
increased incidence of thrombotic complications in COVID-19
patients.

Characteristics of thrombi are largely influenced by properties
of the fibrin network (e.g., fiber thickness, fiber density). The fi-
brin network properties are determined by many factors, such as
variations in the fibrinogen molecule, fibrinogen concentration, or
environmental factors such as inflammation.>® Fibrinolysis, the
timely removal of fibrin, is largely affected by the structure of the
fibrin network” and the level of fibrinolysis inhibitors, such as plas-
minogen activator inhibitor 1 (PAI—1).8 Therefore, an altered fibrin
network structure (denser, prothrombotic) and decreased sus-
ceptibility to fibrinolysis could contribute to the increased risk of
thrombosis in COVID-19 patients. By studying the fibrin network
structure and fibrinolysis of plasma clots from COVID-19 patients,
we aimed to unravel pathophysiological mechanisms that contrib-
ute to this increased risk of thrombosis. This knowledge may con-
tribute to optimal prevention and treatment of COVID-19 related
thrombosis.

COVID-19, fibrin, fibrinolysis, microscopy, thrombosis

Essentials

e COVID-19 is associated with an increased risk of throm-
bosis, especially in ICU patients.

e Fibrin network in COVID-19 ICU patients is denser and
less prone to lysis than healthy controls.

e Fibrin network structure is similar in COVID-19 ICU and
pneumococcal disease ICU patients.

e A changed fibrin network structure cannot fully explain

the increased risk of thrombosis.

2 | PATIENTS AND METHODS
2.1 | Study design and patient population

This study was a case-control study conducted in the Erasmus
Medical Center in Rotterdam, the Netherlands, as part of The
Dutch COVID & Thrombosis Coalition.” Between April 2020 and
December 2020, we collected plasma samples of COVID-19 patients
admitted to the ICU. We included patients with and without a diag-
nosis of thrombosis during their stay at the ICU, confirmed using
computed tomography pulmonary angiography or compression ul-
trasound (see Supplemental Methods for details). Samples were col-
lected before and after diagnosis of thrombosis or at similar time
points in ICU patients without confirmed thrombosis. Additionally,
we collected plasma from COVID-19 patients admitted to general
wards who did not have thrombosis confirmed by computed tomog-
raphy pulmonary angiography, SARS-CoV-2-negative ICU patients
with pneumococcal infection, and healthy controls.’ ICU patients
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with pneumococcal infection were confirmed by positive blood
cultures, and were without clinical suspicion of thrombosis. Study
protocols were in accordance with the Declaration of Helsinki and
were approved by the Medical Ethics Committee of Erasmus MC
(healthy controls: MEC-2004-251; ICU patients with pneumococ-
cal infection: MEC-2017-417; COVID-19 ward and ICU patients:
METC-2020-0758). We obtained written informed consent from
each healthy control and ICU patient with pneumococcal infection.
An opt-out procedure was in place for the COVID-19 ward and ICU
patients.

2.2 | Laboratory measurements

Blood from all subjects was collected into 3.2% trisodium citrate
tubes (9:1 v/v, Becton Dickinson) and centrifuged 15 min at 2500g
at room temperature, followed by 20 000g for 10 min. The ob-
tained platelet-poor plasma was stored in aliquots at =80°C until
thawed at 37°C immediately before use. Fibrinogen levels were
measured using the Clauss assay (Thrombin Reagent, Siemens
Healthineers), factor VIII (FVIII) levels using a one-stage clot-
ting assay and FXIII levels with a chromogenic assay using the
Berichrom FXIII kit (Siemens Healthineers). In addition, levels of
D-dimer (Siemens Healthineers) and anti-Xa (Werfen) were rou-
tinely measured. All parameters were measured on the Sysmex
CS5100 coagulation analyzer (Siemens Healthcare Diagnostics
B.V.). Other relevant parameters (e.g., C-reactive protein) were
routinely measured. PAI-1 levels were measured using the human
Serpin E1/PAl-1 DuoSet ELISA kit (DY1786, R&D Systems) ac-
cording to the protocol provided by the manufacturers, with some
minor changes in the volumes of samples, detection antibody,
and streptavidin-horseradish peroxidase (50 pl instead of 100 pl).
Values above the standard of the ELISA were given the maximum

value of the standard (40 ng/ml).

2.3 | Clot formation and image analysis

To study the properties of the fibrin network, clots were made from
citrated platelet-poor plasma using 1 U/ml thrombin (T7009, Sigma
Aldrich) and 17 mM CaCl, (all final concentrations) in the presence
of 0.1 mg/ml AF488-labeled fibrinogen (F13191, Thermo Fisher
Scientific). The mixture was incubated for 1.5 h at room tempera-
ture in a humid environment and fixated in 4% paraformaldehyde.
The clots were imaged using the Leica TCS SP8 microscope (Leica
Microsystems). Images for the quantification of fibrin fiber diam-
eters were recorded using time-gated stimulated emission deple-
tion (STED) microscopy with a Leica HC PL APO CS2 86x/1.20
water immersion objective and a pixel size of 26.4 nm. To measure
fibrin density, Z-stacks of a larger field of view were recorded using
confocal microscopy with a LEICA HC PL APO CS2 40x/1.30 oil
immersion objective and a pixel size of 67.6 nm. Fibrin fiber diam-
eters were determined in STED images using the Local Thickness

analysis in ImageJ'*3

and fibrin network density was measured as
percentage of area above an automatic threshold determined using
the Otsu method in Z-stacks recorded by confocal microscopy (see

Supplemental Methods for details).

2.4 | Global fibrinolysis assay

Plasma clot lysis time was measured to investigate the susceptibility
of plasma clots to fibrinolysis, as described in Talens et al.** In short,
platelet-poor plasma was mixed with tissue factor, CaCl,, tissue type
plasminogen activator, and phospholipids. Clot turbidity was meas-
ured at 405 nm after which clot lysis times were determined using
the clot lysis analysis app as described by Longstaff et al.*® In addi-
tion, the difference between the maximum absorbance and baseline

absorbance was measured (turbidity change).

2.5 | Statistical analysis

Normally distributed data were shown as mean + standard devia-
tion, not-normally distributed data as median [25th-75th percentile]
and categorical data as n (%). To test for differences between mul-
tiple groups, one-way ANOVA (normally distributed data), Kruskal-
Wallis test (not-normally distributed data), or X2 (categorical data)
was used with post hoc Tukey tests. Changes between COVID-19
ICU patients with and without confirmed thrombosis at the second
time point were assessed using independent Student t-test (normally
distributed data) or Mann-Whitney U test (not-normally distributed
data). Changes in variables over time were evaluated using the paired
Student t-test (normally distributed data) or Wilcoxon signed-rank
test (not-normally distributed data). One-way analysis of covariance
was used to assess the effect of COVID-19 disease state (independ-
ent variable) on clot characteristics (dependent variables) while ad-
justing for fibrinogen level. Not-normally distributed variables were
log-transformed before using them as dependent variable in the
one-way analysis of covariance. We used pairwise deletion in case
of missing data. Statistical analyses were performed using IBM SPSS
Statistics v25 (IBM) and GraphPad Prism version 8.2.1 (GraphPad
Software).

3 | RESULTS

3.1 | Baseline patient characteristics

Patient characteristics at the time point of the first available sample
after admission are shown in Table 1. Of the 19 COVID-19 ICU pa-
tients with confirmed thrombosis, 16 had pulmonary thrombosis, 1
deep venous thrombosis, 1 pulmonary thrombosis in combination
with deep venous thrombosis, and 1 jugular vein thrombosis. The di-
agnosis of thrombosis in the COVID-19 ICU patients was made after
a median of 10 [6-17] days on the ICU.
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3.2 | Fibrin network structure and fibrinolysis
at the first time point

Representative STED and confocal images of clots prepared from
plasma obtained at the first time point of the different groups are
shown in Figure 1. Fiber diameter was similar in the different groups
(Figure 2). Fibrin network density was significantly higher in ICU
patients with pneumococcal infection, COVID-19 ward patients,
and COVID-19 ICU patients without thrombosis compared with
healthy controls. Fibrin network density was significantly lower in
COVID-19 ICU patients with thrombosis than in ICU patients with
pneumococcal infection (Figure 2). Turbidity change measured in the
fibrinolysis assay was significantly higher in all ICU patient groups
than in healthy controls (Figure 2). Adjustment for fibrinogen lev-
els in the statistical analyses did not change these results (Table S1).
Clot lysis time was significantly longer in COVID-19 ICU patients
with and without thrombosis and ICU patients with pneumococ-
cal infection than in healthy controls, regardless of fibrinogen lev-
els (Figure 2 and Table S1). Interestingly, in the clot lysis assay, no
fibrinolysis was observed in 26% (5/19) of COVID-19 ICU patients
with confirmed thrombosis versus 11% (2/18) of COVID-19 ICU
patients without confirmed thrombosis. This absence of fibrinoly-
sis also occurred in 29% (2/7) of ICU patients with pneumococcal
infection but was not observed in clots from healthy controls and
COVID-19 ward patients. Patients with this absence of fibrinolysis
had significantly higher levels of PAI-1 (38.5 [9.7-40.0] ng/ml) than
patients who did show fibrinolysis within 300 min (5.0 [2.4-7.6]
ng/ml, p < .01). Overall, clot lysis times were positively correlated
with PAI-1 levels (Spearman correlation coefficient 0.725, p < .01)

(Table S2). Parameters measured using microscopy did not correlate
well with parameters measured in the fibrinolysis assay. Because
we used thrombin and undiluted plasma in microscopy and tissue
factor and two-fold diluted plasma in the fibrinolysis assay, the lack
of correlations might be caused by the different involvement of the
coagulation cascade.

3.3 | COVID-19 ICU patients with and
without thrombosis

In plasma samples collected at the first time point, we did not
observe any significant differences in levels of coagulation fac-
tors between COVID-19 ICU patients who did and did not de-
velop thrombosis. In plasma samples collected after diagnosis of
thrombosis (or at similar time points in patients without confirmed
thrombosis), we observed significantly higher levels of fibrinogen,
D-dimer, and PAI-1 in patients with confirmed thrombosis than in
patients without confirmed thrombosis (Table S3). Anti-Xa levels
were significantly higher in patients with confirmed thrombosis
than in patients without confirmed thrombosis, reflecting antico-

agulant treatment.

3.4 | Fibrin network structure and fibrinolysis after
diagnosis of thrombosis in COVID-19 ICU patients

When comparing clots at the second time point, we observed sig-
nificantly thicker fibers and longer clot lysis times in COVID-19

ICU patient with
pneumococcal infection

Healthy control

COVID-19 ICU with
thrombosis

COVID-19 ICU without
thrombosis

COVID-19 ward

FIGURE 1 Representative examples of STED images (upper row) and maximum projections of confocal Z-stacks (lower row) of plasma
clots from healthy controls, ICU patients with pneumococcal infection, COVID-19 ward patients, COVID-19 ICU patients without confirmed
thrombosis, and COVID-19 ICU patients who were later diagnosed with thrombosis (plasma samples obtained at the first time point). Scale
bars are 10 pm. COVID-19, coronavirus disease 2019; ICU, intensive care unit; STED, stimulated emission depletion
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ICU patients with thrombosis than in COVID-19 ICU patients with- 4 | DISCUSSION

out thrombosis (Figure 3), even after adjustment for fibrinogen.
Moreover, fibrin network density was significantly lower in patients
with thrombosis when adjusting for fibrinogen levels. In 11% (2/18)
of patients with thrombosis, no fibrinolysis was observed in 300 min,
whereas this absence of fibrinolysis was not observed in patients
without thrombosis at the second time point. These differences in
fiber thickness and clot lysis time remained significant after adjust-
ment for fibrinogen.

3.5 | Changes in FVIll levels and fibrinolysis in
COVID-19 ICU patients over time

FVIII levels significantly increased over time in COVID-19 ICU pa-
tients with thrombosis (Table S3). Clot lysis time significantly de-
creased over time in patients without confirmed thrombosis. There
were no other significant changes in coagulation factors or fibrin

network characteristics over time.

Our study revealed that fibrin network structure and susceptibil-
ity to lysis were altered in COVID-19 ward and ICU patients com-
pared with healthy controls. A denser fibrin network and decreased
susceptibility to fibrinolysis are found in patients with thrombotic
disorders’ and could therefore contribute to the increased risk of
thrombosis in COVID-19 patients. However, no significant differ-
ences in fibrin structure and fibrinolysis were seen in COVID-19
ICU patients compared with ICU patients with pneumococcal infec-
tion without COVID-19. These findings suggest that the observed
changes in fibrin network structure and susceptibility to lysis are
not caused explicitly by SARS-CoV-2 but might be a more common
observation in patients with severe infectious disease involving a
high immune response. Therefore, our study does not explain the
reported increased risk of thrombosis in COVID-19 ICU patients
compared with other ICU patients,®* but additional pathophysiolog-
ical mechanisms specific to COVID-19 must be present.16 In another

recent study, clots of critically ill COVID-19 patients were shown
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FIGURE 3 Characteristics of clots formed from plasma obtained
after diagnosis of thrombosis in COVID-19 ICU patients (+) or at
similar time points for COVID-19 ICU patients without confirmed
thrombosis (-). *p < .05; **p < .01; ***p < .001. COVID-19,
coronavirus disease 2019; ICU, intensive care unit

to be denser and more resistant to fibrinolysis compared with clots
from influenza patients with acute respiratory distress syndrome.”
However, these influenza patients had lower fibrinogen levels than
the COVID-19 patients, which could explain why differences were
observed in this study. In addition, Wygrecka et al. activated the
contact pathway in their experiments, whereas we used thrombin or
tissue factor, which could also explain the different findings.

At the first time point in our study, fibrin network structure
and fibrinolysis of plasma clots from COVID-19 ICU patients with
thrombosis were not significantly different from COVID-19 ICU
patients without confirmed thrombosis. However, the develop-
ment of thrombosis in COVID-19 patients is probably not binary.
It is expected that most, if not all, severe COVID-19 patients de-
velop (micro)thrombi to some degree, which are not always de-
tected.'® This might explain why we did not see large differences
between COVID-19 ICU patients with and without confirmed
thrombosis at the time point before thrombosis. In contrast, we
saw thicker fibers and lower fibrin density in plasma clots from
COVID-19 ICU patients after diagnosis of thrombosis than in
clots from patients without confirmed thrombosis at similar time
points. These differences in fibrin network structure are de-
scribed as antithrombotic.'” They can possibly be explained by the
increased doses of anticoagulation in the patients with thrombo-
sis, which are shown to have antithrombotic effects on the fibrin
network structure.?°-22 |nterestingly, despite these high doses

of anticoagulation, plasma clots from patients with thrombosis
still showed reduced susceptibility to fibrinolysis compared with
COVID-19 ICU patients without thrombosis on the second time
point. Therefore, factors other than the changed fibrin network
structure must be present, explaining the decreased suscepti-
bility to fibrinolysis, such as fibrinolysis inhibitors.?* Indeed, we
observed higher PAI-1 levels in patients with thrombosis than in
patients without thrombosis at the second time point. Increased
activation of the coagulation cascade or inhibition of fibrinolysis in
COVID-19 ICU patients with thrombosis compared with COVID-19
ICU patients without thrombosis could therefore explain the dif-
ferences in fibrin network structure and fibrinolysis.?*

41 | Strengths and limitations

A strength of this study is that we used superresolution imaging
and automated quantification to investigate fiber diameter and
other structural properties of the fibrin network. The study also
has some limitations. The small number of patients per group lim-
ited our options for statistical analyses, which would have been
beneficial considering the heterogeneity within the groups in for
example medication use, disease duration, and ICU length of stay.
Furthermore, our ICU control patients had a bacterial infection
instead of a viral infection, such as SARS-CoV-2. Still, our control
group with pneumococcal infection was homogenous and showed
symptoms similar to COVID-19 patients. Another potential impor-
tant difference is the time of blood sampling. For the ICU patients
with pneumococcal infection, blood samples were obtained on
admission to the ICU. For the COVID-19 ICU patients, the first
available blood sample after admission was collected, but this was
in most cases not the day of admission. Also, it is important to note
that even though there was no clinical suspicion of thrombosis in
the ICU patients with pneumococcal infection, we cannot entirely
exclude the possibility that thrombosis might have developed.
Finally, we used platelet-poor plasma in our study. It should be
noted that cells, such as red blood cells and platelets, have consid-
erable effects on thrombus properties and may also contribute to
thrombosis in COVID-19 patients.

5 | CONCLUSIONS

Our results suggest that SARS-CoV-2 infection is associated with an
altered fibrin network structure and decreased clot susceptibility to
fibrinolysis. Because these changes were not exclusive to COVID-19
patients, they might not entirely explain the increased thrombosis
risk observed in COVID-19 patients.
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