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polymerization kinetics, partially explained by increased sialic acid

Nina Moiseiwitsch®2

Ashley Brown%*

Loint Department of Biomedical
Engineering of University of North
Carolina - Chapel Hill and North Carolina
State University, Raleigh, North Carolina,
USA

ZComparative Medicine Institute, North
Carolina State University, Raleigh, North
Carolina, USA

3Department of Biological Sciences, North
Carolina State University, Raleigh, North
Carolina, USA

“Department of Anesthesiology, Emory
University School of Medicine, Atlanta,
Georgia, USA

>Department of Material Science and
Engineering, North Carolina State
University, Raleigh, North Carolina, USA

Correspondence

Ashley Brown, Joint Department of
Biomedical Engineering, North Carolina
State University and University of North
Carolina at Chapel-Hill, 1001 William
Moore Dr, Raleigh, NC 27606, USA.
Email: aecarso2@ncsu.edu

Funding information

NIH, Grant/Award Number:
1F30HL163869, 5T34GM131947,
RO1HL146701 and UL1-TR002378

| Nicole Zwennes®?

| Fania SzZlam*® | Roman Sniecinski*® |

Abstract

Background: Thrombogenicity is a known complication of COVID-19, resulting from
SARS-CoV-2 infection, with significant effects on morbidity and mortality.
Objective: We aimed to better understand the effects of COVID-19 on fibrinogen and
the resulting effects on clot structure, formation, and degradation.

Methods: Fibrinogen isolated from COVID-19 patients and uninfected subjects was
used to form uniformly concentrated clots (2 mg/ml), which were characterized using
confocal microscopy, scanning electron microscopy, atomic force microscopy, and
endogenous and exogenous fibrinolysis assays. Neuraminidase digestion and subse-
quent NANA assay were used to quantify sialic acid residue presence; clots made
from the desialylated fibrinogen were then assayed similarly to the original fibrinogen
clots.

Results: Clots made from purified fibrinogen from COVID-19 patients were shown
to be significantly stiffer and denser than clots made using fibrinogen from nonin-
fected subjects. Endogenous and exogenous fibrinolysis assays demonstrated that
clot polymerization and degradation dynamics were different for purified fibrino-
gen from COVID-19 patients compared with fibrinogen from noninfected subjects.
Quantification of sialic acid residues viathe NANA assay demonstrated that SARS-CoV-
2-positive fibrinogen samples contained significantly more sialic acid. Desialylation
via neuraminidase digestion resolved differences in clot density. Desialylation did not
normalize differences in polymerization, but did affect rate of exogenous fibrinolysis.
Discussion: These differences noted in purified SARS-CoV-2-positive clots dem-
onstrate that structural differences in fibrinogen, and not just differences in gross
fibrinogen concentration, contribute to clinical differences in thrombotic features as-
sociated with COVID-19. These structural differences are at least in part mediated by

differential sialylation.
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1 | INTRODUCTION

As of February 2022, an estimated 58% of Americans have had ac-
tive SARS-CoV-2 infection, resulting in COVID-19 illness.! Although
the initial scientific perception of COVID-19 was that of a severe
short-term respiratory disease, recent studies have uncovered the
short- and long-term effects of COVID-19 on the vasculature and
blood. A European network cohort study estimated that up to 1%
of COVID-19 cases result in severe thromboembolic events within
the first 90days following injury, and numerous studies have found
that thromboembolic events are more common in the context of
COVID-19 and are associated with increased mortality and the need
for intensive care unit (ICU)-level patient care.?”® Current data sug-
gest that the pro-thrombotic aspects of COVID-19 symptoms are
multifactorial in origin, with endothelial and platelet dysfunction,
significant inflammation, and blood stasis all playing a role.®3 This
results in both vessel damage and increased risk of thrombotic com-
plications. Clotting has also been implicated in the pathogenesis of
post-acute sequelae of COVID-19, colloquially referred to as “long
COVID.” It is hypothesized that the formation of fibrin amyloid
clots that are resistant to fibrinolysis among long COVID sufferers
leads to reduced blood flow in small vessels, and thus reduced gas
exchange, leading to the common symptoms of fatigue, “brain fog,”
and shortness of breath.}*1°

In a case-control study of clot formation from platelet poor
plasma, patients being treated for COVID-19 in an ICU were found
to produce clots with demonstrably increased fibrin network den-
sity and decreased susceptibility to fibrinolysis.’®'” SARS-CoV-2-
infected patients have also been shown to have increased plasma
concentrations of fibrinogen and factor V.28 Thus, with the data
collected from studies published thus far, differences in platelet
poor plasma clotting characteristics cannot be determined to be the
result of functional or structural differences in clotting factors or
simply the result of increased concentrations of these factors.

Fibrinogen (factor 1) is a soluble glycoprotein complex found in
the blood that is essential to clot formation. Upon cleavage by the
serine protease thrombin, soluble fibrinogen is turned into insoluble
fibrin. Fibrin polymerizes to form a mesh-like network that provides
the structural foundation for a clot. Produced by the liver, fibrinogen
is subject to posttranslational modification in a number of different
pro-thrombotic disease states, including disseminated intravascular
coagulation, liver disease, and uncontrolled diabetes mellitus.}’ One
such form of posttranslational modification is sialylation, wherein
sialic acid residues are added to the ends of carbohydrate chains of
fibrinogen. As sialic acid residues alter calcium binding to fibrinogen,
they influence the polymerization and structure of fibrin clots.?%?*
Differential sialylation is known to play a role in the pro-thrombotic
associations of liver disease, and furthermore, to account for some
of the structural and functional differences between adult and neo-
natal fibrinogen.?%%°

Given the known effects of COVID-19 on the functionality of
other blood components, and the known posttranslational modifi-
cations of fibrinogen in the context of other pro-thrombotic disease

Essentials

e Thrombotic complications are common during and fol-
lowing SARS-Cov-2 infection resulting in COVID-19 ill-
ness, with significant effects on morbidity and mortality.

e Fibrinogen was isolated from plasma collected from pa-
tients being treated for COVID-19 at Emory University
Hospital.

e Clots made from fibrinogen collected from COVID-19
patients were denser, stiffer, less porous, and displayed
altered polymerization and degradation profiles.

e Fibrinogen from COVID-19 patients is structurally dif-

ferent, leading to increased thrombogenicity.

states, we were interested in comparing the structure and function
of fibrinogen isolated from COVID-19 patients with the fibrinogen
properties of noninfected subjects. In this study, we also exam-
ined the role of sialic acid residues on the fibrin clot properties in
COVID-19 plasma. We hypothesized that COVID-19 fibrin clots
would display differences in structure and function, and that re-
moval of sialic acid residues would lead to resolution of structural
and kinetic differences observed in COVID-19 fibrin clots. We ex-
plored this hypothesis through analysis of structural and polymeriza-
tion/degradation properties of normal and desialylated COVID-19
fibrinogen and compared them with normal and desialylated nonin-

fected adult controls.

2 | MATERIALS AND METHODS

2.1 | Isolation of fibrinogen

This study was approved by the Emory University institutional review
board and written consent was obtained from all subjects or their
proxies. Samples of whole blood were collected from adult patients
with SARS-CoV-2 viral infection confirmed by polymerase chain
reaction testing who were admitted to the ICU at Emory University
Hospital with a primary diagnosis of respiratory failure. Patients on
coumadin before hospital admission were excluded. Control samples
were obtained from SARS-CoV-2-negative patients admitted to the
ICU following surgery (ICU control) or healthy volunteers (healthy
control), who were screened for any preexisting hematological
abnormalities. From here, when referring to the combination of these
two subgroups, we will use the term “control subjects.” Samples
were collected for this pilot study based on availability, with samples
collected from nine COVID+ patients (Table 1) and six uninfected
subjects (three ICU control and three healthy control). All patient
samples were deidentified before analysis and researchers were
blinded to group during data analysis. Following collection in either
citrated or EDTA tubes, samples were immediately centrifuged at
2000g for 20 min. The resultant platelet poor plasma was stored at
-80°C until use. For some samples, blood was collected in duplicate
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TABLE 1 Demographic data from sampled COVID-19 patients, control ICU patients, and healthy control patients

Female

Median age (range)

Median ICU day (range)

Intubated (percentage)

Median D-dimer (range) in ng/ml Fibrinogen equivalent units
Median fibrinogen (range), mg/dl

Median Sequential Organ Failure Assessment Score (range)
Samples collected EDTA

EDTA and citrate tubes, from which we performed head-to-head
comparisons of a subset of our assays to ensure that initial collection
in citrate versus EDTA did not affect our results from the isolated
fibrinogen. Fibrinogen was isolated from patient samples of platelet
poor plasma using ethanol precipitation, after which all fibrinogen
samples were resuspended in sodium citrate solution (20 mM).24-2¢
Previous work from our laboratory has shown that this method
results in the overwhelming precipitation of fibrinogen, although
trace amounts of factor XIII, fibronectin, and von Willebrand factor

are also present alongside the extracted fibrinogen.?®

2.2 | Quantification of fibrinogen sialic
acid residues

Cleavage of sialic acid residues from fibrinogen was achieved via
neuraminidase digestion for samples collected from both COVID-19
patients and control subjects.?’ Fibrinogen solutions were kept
in single-source solutions, with no within-group sample pooling.
Fibrinogen solutions (5 mg/ml) were incubated with neuraminidase
(0.025 U/ml; MilliporeSigma, Darmstadt, Germany) for 4 h at 25°C,
at which point samples were filtered with 100-kDa molecular weight
cutoff Pall Nanosep devices and stored at -80°C. Sialic acid (NANA)
assay kit (Abcam) was used to quantify fibrinogen sialic acid content.
This assay is able to detect and quantify unbound sialic acid residues
through their oxidation and subsequent stoichiometric interaction
with a chemical probe to yield an output that has an absorbance
maximum at 570 nm. Digestion was confirmed through assay of sialic
acid concentration before and after incubation with neuraminidase.

2.3 | Characterization of fibrin matrix structure via
confocal and cryogenic scanning electron microscopy

Fibrin clot structure was imaged and characterized using confocal

microscopy and cryogenic scanning electron microscopy
(cryoSEM).2328-32 For confocal microscopy, 50ul clots consisting
of 2 mg/ml purified fibrinogen (Fisher Scientific)) 1 M N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES) buffer

(5mM calcium, 7.4 pH), 10 pg/ml Alexa 488-labeled adult fibrinogen

COVID-19 samples Control ICU Healthy control
(n=29) samples (n = 3) samples (n = 3)
1(11.1%) 1(33.3%) 1(33%)

65 (56-76) 65 (39-67) 34 (31-44)
2(1-7) 1(1-20) Not applicable
7 (77.8%) 3 (100%) Not applicable

1304 (693-60000)
769 (391-860)
5(2-9)

9 (100%)

Not available Not available

Not available Not available
4 (2-5)

0 (0%)

Not applicable
3 (100%)

(for visualization; Thermo Fisher Scientific), and 0.5 U/ml thrombin
(Fisher Scientific, Waltham, MA, USA), were produced between a
glass slide and coverslip. After allowing 2 hours for polymerization,
clots were imaged using a Zeiss Laser Scanning Microscope (LSM
710, Zeiss Inc.) at 40x magnification. Two clots were formed per
subject sample, and a minimum of three random 5.67 pm z-stacks
were acquired for each clot. ImageJ (National Institutes of Health)
was used to produce z-stack projections, which were then analyzed
using MATLAB to quantify fiber density. For cryoSEM imaging,
150-pl clots consisting of 2 mg/ml purified fibrinogen in 1 M HEPES
buffer, and polymerized with 0.5 U/ml thrombin were formed in a
0.6 ml Eppendorf tube and allowed to polymerize for 12h. Clots
were rapidly plunge-frozen in super-cooled liquid nitrogen, etched
for 10 min, and sputter-coated with gold. Imaging was performed
at 1000x, 1500x%, 2000x, and 2500x on two clots per group
(COVID-19 vs. control, + sialic acid), in three random locations within
the clot using a JEOL scanning electron microscope (JEOL JSM-
7600F, JEOL USA). ImageJ was used to perform image segmentation
and then analyze pore size, percent porosity, fiber length, fiber
intersections, and fiber diameter. CryoSEM was chosen because
the snap frozen sample preparation central to cryoSEM allows for
greater preservation of natural clot structure because traditional
SEM requires sample drying, which can greatly affect the porosity,
pore size, and overall appearance of low-density hydrogels, such as

natural fibrinogen clots.

2.4 | Analysis of mechanical clot properties via
atomic force microscopy

Clot stiffness was quantified using atomic force microscopy. Briefly,
50-ul clots were formed using 2 mg/ml purified fibrinogen, 1 M
HEPES buffer, and 0.5 U/ml thrombin, and allowed to polymerize
on a charged glass slide for 2 h. Atomic force microscopy (Asylum
MFP3D-Bio; Asylum Research) imaging proceeded in force contact
mode with partial chromium/gold coating of the cantilever on the
detector side and a particle diameter of 1.98um (NanoAndMore).
Cantilevers used had a force constant of 0.01N/m to allow for
high sensitivity when measuring soft biological materials. Three
20x20pm force maps were obtained per clot, with preference for
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the center of each clot to avoid the variation introduced by edge
effects. Each force map consisted of a 16x16 array of contact
points, which were fitted to a Hertz model to determine the elastic

modulus for each point, and the average elastic modulus from these
256 contact points was recorded.

2.5 | Analysis of thrombin-initiated fibrinogen
polymerization kinetics

A thrombin-initiated fibrin polymerization assay was used to
determine clotting times and clot turbidity for purified fibrinogen
from COVID-19 patients and control subjects, and neuraminidase-
digested purified fibrinogen from COVID-19 patients and control
subjects. Fibrin clots (80pl) were produced in a 96-well plate
with purified fibrinogen (COVID-19 vs control, + neuraminidase;
2 mg/ml), 1 M HEPES buffer, with polymerization initiated through
the addition of thrombin (0.5 U/ml). A plate reader (Infinite 200
Pro; TECAN) was used to create turbidity curves by reading the
absorbance at 350nm every 45s for 3 h. Turbidity curves were
used to determine polymerization time (time to reach half of
the maximum turbidity value), and polymerization rate (slope at
half of the maximum turbidity value). Humidity measurements
and volume loss analyses were performed to ensure that sample
drying was not a concern during any of the assays performed
over multiple hours. Samples were run in duplicate and data
were excluded if bubble formation caused improper absorbance
readings. Turbidity curves were truncated after 6000s (100 min),
as full polymerization had already been achieved within the first
hour of the assay's duration.

2.6 | Analysis of endogenous fibrin
degradation dynamics

An endogenous fibrinolysis assay?? was used to evaluate clot for-
mation and degradation in the concurrent presence of thrombin,
plasmin (Invitrogen), and tissue plasminogen activator (tPA; Sigma-
Aldrich) for purified fibrinogen from COVID-19 patients and con-
trol subjects, and neuraminidase-digested purified fibrinogen from
COVID-19 patients and control subjects. Fibrin clots (100 ul) were
formed in a 96-well plate with purified fibrinogen (2 mg/ml), 1 M
HEPES buffer, and the addition of thrombin (0.5 U/ml), plasmino-
gen (10.8 pg/ml), and tPA (0.29 mg/ml). Turbidity curves were gener-
ated by using a plate reader to measure absorbance at 350nm every
45s for 2.5 h. Analysis of turbidity curves included area under the
curve, maximum absorbance, rate of polymerization (determined by
the rate of change in turbidity at one-half the maximum absorbance
value), and instantaneous rate of degradation (determined by the
rate of change in turbidity at the second occurrence of one-half the
maximum absorbance value). Data collection occurred in duplicate
for each sample, and data were excluded if bubbles formed during
polymerization, leading to erroneous absorbance readings. Turbidity

curves were truncated after 6000s (100 min) because steady state

was achieved within an hour of the assay's start time.

2.7 | Analysis of exogenous fibrin
degradation kinetics

An exogenous fibrinolysis assay was used to determine clot degra-
dation kinetics through the external application of a natural fibrino-
lytic agent to fully polymerized clots formed from purified fibrinogen
from COVID-19 patients and control subjects, and neuraminidase-
digested purified fibrinogen from COVID-19 patients and control
subjects. Fibrin clots (80 ul) were formed in a 96-well plate as in the
previously described thrombin-initiated fibrin polymerization assay
and allowed to polymerize for 3 h. At this point, degradation was ini-
tiated through the overlay of an 80-pl plasmin (0.5 U/ml; Invitrogen)
solution. A plate reader was used to create degradation curves by
reading the absorbance at 350nm every 45s for 8 h. Turbidity curves
were used to determine degradation time (time to reach half of the
initial turbidity value), and instantaneous degradation rate (slope at
half of the initial turbidity value). Samples were run in duplicate and
if bubble formation caused erroneous absorbance readings, data
were excluded. Turbidity curves were truncated to highlight the first
1 h and 45min of degradation to preserve as much visible detail be-

cause steady state was achieved by the end of this period.

2.8 | Statistical analysis

GraphPad Prism (GraphPad) was used to perform statistical analysis,
and biostatisticians were consulted where appropriate. Befire
parametric testing, all groups were tested for normality using the
Shapiro-Wilk test. Data were analyzed via unpaired, two-tailed
Student t test with Welch's correction, comparing measurements for
purified fibrinogen from COVID-19 patients versus control subjects,
and for comparing measurements for neuraminidase-digested
purified fibrinogen from COVID-19 patients versus control subjects.
Instantaneous degradation rates from the exogenous fibrinolysis
assay were analyzed using Brown-Forsythe and Welch's anova tests.
Where appropriate, ROUT analysis (Q = 0.5%) was used to identify
outliers for exclusion. Statistical significance was defined as p <.05,
and data are reported as average +SD.

3 | RESULTS

Samples were collected from a total of 9 COVID-19 patients being
treated for active SARS-CoV-2 infection in the ICU of Emory
University Hospital. Of these patients, none suffered documented
thrombotic or thromboembolic complications, although two
ultimately died in the hospital from complications from COVID-19.
Six control samples were also collected, consisting of an even split
between healthy controls and postsurgical ICU patients that tested



MOISEIWITSCH ET AL.

negative for SARS-CoV-2 infection. Composite sample demographic
data are detailed in Table 1.

3.1 | Characterization of fibrin clot
mechanical properties

Atomic force microscopy was used to characterize the mechanical
properties of clots made from purified fibrinogen from COVID-19
patients and control subjects. These data demonstrated that
COVID-19 clots were significantly stiffer than control clots (control,
1231+206 Pa; COVID-19, 1884 + 688 Pa; p = .0034; Figure 1).

3.2 | Characterization of fibrin matrix structure

Fiber density, as measured by confocal images, was found to be
significantly greater for clots made from COVID-19 fibrinogen
(control, 0.41+0.11 black pixels/white pixels; COVID-19, 1.17+0.33
black pixels/white pixels; p = .0016) (Figure S1). COVID-19 clots were
found to be generally denser, but were also found to contain pockets
of highly dense fibrinogen. At least two representative samples from
each group were chosen for cryoSEM imaging to allow for more
intuitive visualization of the clot structure and porosity analysis
(Figure 2). In the clots made from COVID-19 fibrinogen, pore size was
found to be significantly smaller (control, 17.8+32.6 pmz; COVID-19,
775+14.1 pmz; p<.0001) and percent porosity was significantly lower
(control, 66.2+3.79% porosity; COVID-19, 41.8+9.99% porosity;

.'m‘ | 5
J

p =.0034). In COVID-19 fibrinogen clots, fiber length was found to be
significantly smaller (control, 10.4+7.97 um; COVID-19, 5.44 +3.11 pm;
p<.0001), whereas fiber width (control, 2.14+0.884pum; COVID-19,
5.16+2.78 um; p<.0001) and fiber intersections per 100 pm2 (control,
22.4+1.28 intersections; COVID-19, 39.32+11.76 intersections;
p<.0012) were both significantly higher (Figure 2). These results
are consistent with the data collected using confocal imaging. These
data also align with the increased density noted on atomic force
microscopy. Desialylation appears to have increased the fiber density
of control clots noted on confocal. This is could be due to differences in
the location and structural function of the sialic acid residues between
control and COVID-19 fibrinogen.

3.3 | Characterization of fibrinogen sialic
acid content

Quantification of sialic acid (SA) residues using neuraminidase
digestion and subsequent sialic acid (NANA) assay demonstrated
that COVID-19 fibrinogen had significantly greater sialic acid residue
concentration than Control fibrinogen (Control, 5.44+2.28 nmol
SA/well; COVID-19, 8.63 +2.02nmol SA/well; p = .022) (Figure 2).

3.4 | Effects of sialic acid on fibrin matrix structure

Confocal microscopy and cryoSEM data demonstrated a resolution

of differences in fiber density between COVID-19 and control
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FIGURE 1 Representative fibrin clot force maps and mean clot stiffness. (A) Representative atomic force microscopy force map of a clot
made with purified fibrinogen (2 mg/ml) from a healthy control subject. (B) Representative atomic force microscopy force map of a clot made
with purified fibrinogen (2 mg/ml) from a COVID-19 patient. Scale bars = 2 pm. (C) Comparison of mean clot stiffness of COVID- purified

fibrinogen clots versus COVID+ purified fibrinogen clots. **p<.01.
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groups (control, 0.73+0.26 black pixels/white pixels; COVID-19,
0.91+0.17nmol black pixels/white pixels; p = .17). After removal
of SA residues via neuraminidase digestion, hyperdense fibrin
pockets were no longer seen in confocal images of COVID-19
desialylated fibrin clots. The same representative subject samples

chosen for baseline cryoSEM imaging were chosen for imaging
after desialylation. Resolution of density differences are clearly
visible in these representative images (Figure 2). Following
neuraminidase digestion, no differences were found in pore size

(control, 23.2+33.1 ym?% COVID-19, 20.2+31.2 pm% p = .15) or
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FIGURE 2 Representative fibrin clot structure and sialic acid content. (A) Representative cryoSEM images of purified fibrinogen

clots. Clockwise from top left: clot using purified fibrin from healthy control, clot using purified fibrin from COVID-19 patient, clot using
desialylated purified fibrin from COVID-19 patient, clot using desialylated purified fibrin from healthy control. Both representative healthy
control clots are made from fibrinogen from the same patient. Both representative COVID-19 clots are made from fibrinogen from the

same patient. Contrast has been adjusted to allow for better visualization. Scale bar = 10 pm. (B) Comparison of mean sialic acid content

of purified fibrinogen samples from control and COVID-19 subjects. (C) Comparison of mean pore size of fibrinogen clots from control and
COVID-19 samples. (D) Comparison of mean percent porosity of fibrinogen clots from control and COVID-19 samples. (E) Comparison of
fibrinogen fiber lengths of fibrinogen clots from control and COVID-19 samples. (F) Comparison of fibrinogen fiber widths of fibrinogen clots
from control and COVID-19 samples. (G) Comparison of mean fiber intersections per 100 me of fibrinogen clots from control and COVID-19

samples. *p<.05, **p<.01, ****p<.0001.

percent porosity (control, 64.7 + 6.44 percent porosity; COVID-19,
66.10+7.27 percent porosity; p = .86) between COVID-19 and
control fibrinogen (Figure 2). Comparison of quantification from
images of COVID-19 and desialylated COVID-19 fibrinogen
clots demonstrated a significant increase in pore size following
desialylation (p<.0001) and a significant increase in percent
porosity (p = .0445). In confocal images, desialylation resulted in
lowered fiber density from the COVID-19 group, although this did
not reach significance (p = .132; Figure S1). Following neuraminidase
digestion, COVID-19 fibrinogen clots were noted to have gone
from having significantly wider fibers to significantly thinner fibers
when compared with desialylated control fibrinogen clots (control,
2.12+0.736pm; COVID-19, 1.66+0.995pm; p<.0001) and went
from having significantly more intersections per 100um2 to having
no significant difference in intersection count when compared
to desialylated control fibrinogen clots (control, 23.0+4.37
intersections; COVID-19, 18.72+6.80 intersections; p = .430).
Differences in fiber length remained (control, 11.5+6.88pum;
COVID-19, 8.74+3.68pm; p<.0001), but the absolute difference
between control and COVID-19 clots was lessened (Figure 2).

3.5 | Analysis of fibrinogen polymerization and clot
degradation kinetics

Overall, COVID-19 samples demonstrated increased clot turbidity
and clot polymerization rates, when compared with control
samples. In an endogenous fibrinolysis assay, the turbidity curve
for COVID-19 fibrin had significantly greater area under the curve
(control, 201+8.1 turbidityxs; COVID-19, 279+ 16 turbidityxs;
p = .0010), peak turbidity (control, 0.0481+0.037 turbidity;
COVID-19, 0.132+0.073 turbidity; p = .0089), polymerization
rate (control, 0.000181+0.00017 Aturbidity/s; COVID-19,
0.000480+0.00030 Aturbidity/s; p = .0015), and instantaneous
degradation rate (control, -0.000144+0.000083 Aturbidity/s;
COVID-19, 0.000285+0.00019 Aturbidity/s; p = .0084) (Figure 3).
The COVID-19 clots formed faster, and clots remained present
for longer despite their faster instantaneous degradation rates
because of their increased maximum turbidity. An enzyme-initiated
polymerization assay led to similar findings, with the turbidity
curves for COVID-19 fibrin clots demonstrating significantly faster
polymerization rates (control, 0.0000883 +0.000063 Aturbidity/s;
COVID-19, 0.000159+0.000078 Aturbidity/s; p = .013), and

significantly greater maximum turbidity values (control,0.112 +0.092
turbidity; COVID-19, 0.283+0.18 turbidity; p = .0019) (Figure 4).
An exogenous fibrinolysis assay found no significant difference in
instantaneous degradation rates between COVID-19 and control
samples (control, -0.0000726 +0.000045 Aturbidity/s; COVID-19,
-0.0000721 +0.000037 Aturbidity/s; p = .98) (Figure 5).

3.6 | Effects of sialic acid on fibrinogen
polymerization and degradation kinetics

Theinfluence of SA onfibrin polymerization was investigated through
the repetition of the same assays used to probe polymerization
and clot degradation kinetics with desialylated COVID-19 and
control fibrinogen. Overall, it was found that although desialylation
altered exogenous fibrinolysis kinetics, desialylation did not
result in meaningful changes to enzyme-initiated polymerization
kinetics or endogenous fibrinolysis. In the endogenous fibrinolysis
assay, the turbidity curve for COVID-19 fibrin had significantly
greater area under the curve (control, 133+9.4 turbidityxs;
COVID-19, 230+16 turbidityxs; p = .0002), peak turbidity
0.0828+0.062 turbidity; COVID-19, 0.177+0.090
turbidity; p = .0054), and faster polymerization rate (control,
0.000395+0.00027 Aturbidity/s; COVID-19, 0.000662 +0.00030
Aturbidity/s; p = .033); however, instantaneous degradation rate
was not significantly different (control, -0.000434+0.00030
Aturbidity/s; COVID-19, -0.000634+0.00021 Aturbidity/s;
p = .077) (Figure 3). An enzyme-initiated polymerization assay led
to similar findings, with the turbidity curves for COVID-19 fibrin
clots demonstrating significantly greater maximum turbidity values
(control, 0.137+0.095 turbidity; COVID-19, 0.341+0.17 turbidity;
p = .0003) (Figure 4). Polymerization rates were also faster for
COVID-19 samples, but this difference did not reach the level of
significance (control, 0.000115+0.000056 Aturbidity/s; COVID-19,
0.000160+0.000082 Aturbidity/s; p = .11) (Figure 4). An exogenous
fibrinolysis assay demonstrated that instantaneous degradation rates

(control,

were significantly increased for desialylated COVID-19 samples,
when compared with the behavior of the unaltered COVID-19
(COVID-19, -0.0000647+0.000020 Aturbidity/s;

COVID-19, -0.000126+0.000073  Aturbidity/s;
p = .021) (Figure 5). This suggests that the resolution in structural

fibrinogen

desialylated

differences (density and porosity) as a result of desialylation was
associated with increased rates exogenous fibrinolysis, but the
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FIGURE 3 Endogenous fibrinolysis of COVID-19 and control fibrin clots, at baseline and after removal of sialic acid residues. (A)
Endogenous fibrinolysis curves for COVID-19 and control fibrinogen. Thrombin (0.5 U/ml), plasminogen (10.8 pg/ml), and tPA (0.29 mg/
ml), were added to 2 mg/ml fibrinogen, and a plate reader was used to produce turbidity curves demonstrating fibrin clot polymerization
and endogenous degradation. N = 6-9 (B) Endogenous fibrinolysis curves for desialylated COVID-19 and control fibrinogen. N = 6-9. (C)
Comparison of area under the curve for COVID-19 and control, and desialylated COVID-19 and control endogenous fibrinolysis turbidity
curves. N = 6-9. (D) Comparison of maximum turbidity achieved for COVID-19 and control, and desialylated COVID-19 and control
endogenous fibrinolysis turbidity curves. N = 6-9. (E) Comparison of polymerization rate for COVID-19 and control, and desialylated
COVID-19 and control endogenous fibrinolysis turbidity curves. Polymerization rate was determined as the slope of the curve at half of
the maximum turbidity. N = 6-9. (F) Comparison of instantaneous degradation rate achieved for COVID-19 and control, and desialylated
COVID-19 and control endogenous fibrinolysis turbidity curves. Instantaneous degradation rate was determined as the slope of the curve at
the second occurrence of half of the maximum turbidity. N = 6-9. *p<.05, **p<.01, ***p<.005.

differences in polymerization and degradation kinetics between
COVID-19 and control fibrinogen is not fully explained by the
differential sialylation of COVID-19 fibrinogen.

4 | DISCUSSION

Here, we characterized structural and kinetic differences between
fibrinogen clots made from COVID-19 patient samples and samples
from noninfected subjects. Our results indicate that COVID-19 fibrin
clots are significantly stiffer, denser, and less porous than control
fibrin clots. In terms of polymerization and degradation kinetics,

COVID-19 clots polymerize faster and reach a greater maximum
turbidity. Further, the area under the curve, a good proxy for clot
burden over time, was also significantly greater for COVID-19 clots.
Through the use of consistent concentrations (2 mg/ml) of fibrinogen
across all clots, we were able to isolate differences in clotting to
structural differences in the glycoprotein complex, rather than in
the concentration of fibrinogen, or other factors in the blood. Our
findings therefore demonstrate that differences in clot structure
and polymerization are not simply from the increased concentration
of fibrinogen or other clotting factors in the plasma of COVID-19
patients, but rather from fundamental differences in the structure
and functionality of their fibrinogen.
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FIGURE 4 Enzyme-initiated polymerization of COVID-19 and control fibrin clots, at baseline and with sialic acid residues removed.

(A) Enzyme-initiated polymerization curves for COVID-19 and control fibrinogen. Thrombin (0.5 U/ml) was added to 2 mg/ml fibrinogen

to provoke clot formation, and a plate reader was used to produce turbidity curves demonstrating fibrin clot polymerization. N = 6-9.

(B) Enzyme-initiated polymerization curves for desialylated COVID-19 and control fibrinogen. Thrombin (0.5 U/ml) was added to 2 mg/

ml fibrinogen to induce clot formation, and a plate reader was used to produce turbidity curves demonstrating fibrin clot polymerization.

N = 6-9. (C) Comparison of maximum turbidity achieved for COVID-19 and control, and desialylated COVID-19 and control enzyme-initiated
polymerization turbidity curves. N = 6-9. (D) Comparison of polymerization rate for COVID-19 and control, and desialylated COVID-19

and control enzyme-initiated polymerization turbidity curves. Polymerization rate was determined as the slope of the curve at half of the

maximum turbidity. N = 6-9 N = 6-9. *p<.05, **p<.01, ***p<.005.

The altered fibrinogen structure in COVID-19 patients has im-
portant clinical implications for the treatment of thrombotic compli-
cations. The differing clot properties are likely to make these clots
less permeable because of their decreased porosity, and therefore
more resistant to treatment via thrombolytic therapy. The density
of a clot can also have implications for the formation of fibrosis and
adherence to vessel walls,>® which may have clinical implications
for surgical removal procedures. The difference in results between
endogenous and exogenous fibrinolysis assays suggests that while
differences in density and porosity are likely contributors to differ-
ences in fibrinolytic rates, there are undeniably other unexplored
factors at play as well. However, in both endogenous and exoge-
nous assays, COVID-19 samples degraded significantly faster after
desialylation, indicating that SA residues play some role in these
multifactorial influences. The degradation assays we performed
investigated instantaneous degradation rate; however, these data
also support fibrinogen structure as partial explanation for previ-
ous findings that overall clot persistence and total time to degrade
is higher among COVID-19 plasma.®* Our findings that area under
the curve is significantly greater for COVID-19 patients alongside
the visualizations of clot degradation (Figures 3A and 5A) are consis-
tent with findings that COVID-19 clots persist for longer than con-
trol clots during ex vivo degradation studies.®* This work evaluates
isolated fibrinogen without the influence of other plasma factors. As
such, some measure of difference in findings from studies of in vivo

clotting in COVID-19 patients or of patient whole blood or plasma is
expected and can be attributed to the additional elements at play in
those samples.

We also measured differences in the sialic acid content of fibrin-
ogen from COVID-19 samples and assessed the role of SA residues
in clot dynamics. We show for the first time that fibrinogen isolated
from COVID-19 patients has significantly more SA content than fi-
brinogen collected from noninfected adults. Furthermore, the pres-
ence of SA is at the center of the changes in clot density observed
in COVID-19 fibrin clots because removal of SA resolved intergroup
differences in clot density. Desialylation also lead to an increase in
instantaneous degradation rate when compared with the unaltered
COVID-19 fibrinogen. This makes sense because decreased density
is associated with increased porosity, which should lead to improved
clot permeability to external lytic agents. However, when SA was
removed from COVID-19 fibrinogen, no meaningful changes in clot
polymerization dynamics occurred. The desialylated COVID-19
fibrinogen continued to polymerize faster and reach a higher clot
turbidity than the desialylated control fibrinogen. This suggests that
additional structural changes in COVID-19 fibrinogen remain to be
identified. Our results show clear differences between COVID-19
and control fibrinogen, which is a strong indicator that posttrans-
lational modification, and possibly viral modification, affect fibrin-
ogen during active SARS-CoV-2 infection. However, more work is
certainly needed to parse the, likely multifactorial, causes of these
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structural differences in fibrinogen. Direct viral induction of fibrino-
gen molecular changes should also be explored as a potential cause
of differences seen in COVID-19 clots. This may be done through
direct exposure of healthy plasma to COVID-19 viral particles and
subsequent analysis of the resultant fibrinogen.

This study is limited by the use of only COVID-19 plasma sam-
ples from patients with severe symptoms that require ICU-level
care. Future studies should look at comparing ICU, hospitalized,
and outpatient COVID-19 samples as a proxy for illness severity.
Another limitation lies in the use of a single control group composed
of a mixture of ICU patients and healthy controls. Future studies
would benefit from the use of control groups to compare with both
noninfected ICU patients and healthy controls separately to further
validate that the novel structure described herein is not merely a re-
flection of disease severity. Additionally, as previously noted, coag-
ulative irregularities have been implicated in the symptomatology of
long COVID.X¢ Although all of the experimental samples collected
for this study were from patients with active COVID-19 infection,
future studies should investigate the persistence of this COVID-19-
type fibrinogen in the plasma of recovered COVID-19 patients at
different time points, as well as patients identified as likely suffering
from long COVID symptoms.

Differential sialylation has been previously determined to produce
the structural and kinetic differences observed between adult and neo-
natal fibrinogen.? Previous findings have also noted that when mixed,
neonatal and adult fibrinogen do not fully integrate together, instead
forming fibrinogen subpopulations during clot formation.®> This has
significant clinical implications for neonatal hemostasis following the
administration of blood products because these products necessarily
come from adult donors. As differential SA content is likely to be the
cause of this, it is an important consideration that healthy adult blood
products may not seamlessly integrate into the blood of COVID-19
patients, and more research is needed to determine whether compli-
cations with differential sialylation between a blood donor and blood
recipient might affect the recipient's thrombotic risk. Additionally,
some data indicate that children younger than age 12years infected
with SARS-CoV-2 are less likely to suffer from thrombotic complica-
tions than those older than 12years old.®® It is possible that differen-
tial sialylation from immature fibrinogen may play at least some role
in this difference in risk. Future studies should investigate fibrinogen
changes in children of different ages with COVID-19.

Our studies have demonstrated differences between COVID-19
and control fibrinogen, but our findings of differential SA content have
only partially explained the differences that we note herein. Although
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structural differences in COVID-19 fibrin clots, and to a certain ex-
tent changes in degradation, can be explained by the differential SA
content of this fibrinogen, these changes were not responsible for the
significant difference in fibrin polymerization noted in these studies.
As such, the observed changes are almost certainly multifactorial in
nature, and other known posttranslational modifications of fibrino-
gen, including oxidation, nitration, phosphorylation, and acetylation
should be investigated.}”” Tandem mass spectroscopy might be par-
ticularly useful for this because it can provide information on both
the type and location of posttranslational molecular modifications.
Also of note, although we have demonstrated a significant difference
in sialic acid residues in COVID-19 fibrinogen, we have not identified
their location within the molecular structure, nor have we determined
the mechanism of their effect on clot structure in this case. Affinity,
electrostatic charge, and steric hindrance are all plausible mechanisms
for the changes noted, and additional work will be needed to fully un-
derstand the underlying processes. Future studies are also indicated
to explore these questions and potential differences in the structure
and function of factors Il, VII, IX, XIll, and plasminogen, are also war-
ranted, as these all interact with fibrinogen during clot polymerization.

In summary, our data indicate that clots made from the fibrinogen
of patients being treated for COVID-19 display significantly altered
pro-thrombotic qualities: increased density and stiffness, increased
rate of polymerization, and greater ultimate clot turbidity. This pro-
vides clear evidence that altered fibrinogen structure in COVID-19
patients is a contributing factor to thrombogenic characteristics
of the disease. We have also shown that COVID-19 fibrinogen has
greater amount of sialic acid residues, and that the removal of these
residues results in the resolution of differences in clot density. The
removal of these sialic acid residues also resulted in increased rate of
clot degradation compared with the unaltered COVID-19 fibrinogen;
however, differences in polymerization and clot turbidity remained.
As such, differential sialylation of COVID-19 fibrinogen likely medi-
ates differences in structure, and to some extent differences in deg-
radation, but additional structural differences must be investigated.
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