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Abstract

Severe coronavirus disease-19 (COVID-19) has been associated with fibrin-mediated hypercoagulability and thromboembolic
complications. To evaluate potential biomarkers of coagulopathy and disease severity in COVID-19, we measured plasma
levels of eight biomarkers potentially associated with coagulation, fibrinolysis, and platelet function in 43 controls and 63
COVID-19 patients, including 47 patients admitted to the intensive care unit (ICU) and 16 non-ICU patients. COVID-19
patients showed significantly elevated levels of fibrinogen, tissue plasminogen activator (t-PA), and its inhibitor plasminogen
activation inhibitor 1 (PAI-1), as well as ST2 (the receptor for interleukin-33) and von Willebrand factor (vVWF) compared to
the control group. We found that higher levels of t-PA, ST2, and vWF at the time of admission were associated with lower
survival rates, and that thrombotic events were more frequent in patients with initial higher levels of vWF. These results sup-
port a predictive role of specific biomarkers such as t-PA and vWF in the pathophysiology of COVID-19. The data provide
support for the case that hypercoagulability in COVID-19 is fibrin-mediated, but also highlights the important role that vVWF
may play in the genesis of thromboses in the pathophysiology of COVID-19. Interventions designed to enhance fibrinolysis
might prove to be useful adjuncts in the treatment of coagulopathy in a subset of COVID-19 patients.
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Introduction

COVID-19, the disease associated with infection by the
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), can cause upper respiratory tract (URT) infections
that may progress to bilateral pneumonia and acute res-
piratory distress syndrome (ARDS) [1]. Extra-pulmonary
symptoms are also a characteristic of patients with severe
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COVID-19, and these include systemic inflammation and
cytokine release [2], often combined with disorders of blood
clotting and secondary manifestations of disease in the lung,
kidney, brain, heart, and liver [3]. Increased incidence of
thrombosis and thrombotic complications have been widely
associated with COVID-19 [4, 5]. Changes in conventional
coagulation parameters such as international normalized
ratio (INR), p-dimer, and platelet counts may be useful
for the rapid detection of hypercoagulation in COVID-19
patients [6], but these parameters do not fully describe the
complex biology associated with COVID-19-associated
coagulopathy [7].

Our clinical observations of increased thromboem-
bolic complications in COVID-19 led us to use rotational
thromboelastometry (ROTEM) to study the mechanisms
of hypercoagulability in severe COVID-19. We found that
there was a significant increase of fibrin-mediated clot vis-
cosity [8], but the exact mechanism of this fibrin-mediated
hypercoagulability has remained elusive. Understanding of
the pathogenesis of coagulopathy in COVID-19 is incom-
plete, and treatment with anticoagulants such as heparin
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in severe COVID-19 patients has been used with mixed
results [9]. We hypothesized that coagulopathy associated
with severe COVID-19 might be associated with deficits
in fibrinolysis, as well as with alterations in the primary
coagulation pathway and platelet factors. We designed a
study to measure selected coagulation-related biomarkers
in plasma from patients with mild and severe COVID-19,
admitted between April 2020 and April 2021.

Patients and methods
Patients

We conducted a prospective cohort study that was
approved by Columbia University IRB (protocol
#AAASO0172). Sixty-three patients with COVID-19 and
43 controls without COVID-19 were enrolled. COVID-19
status was confirmed by standard reverse transcription-pol-
ymerase chain reaction (RT-PCR) test for SARS-CoV-2.
47 of the COVID-19 patient group had symptoms of criti-
cal illness (severe infection, respiratory distress, shock,
and/or multiorgan dysfunction), requiring admission to the
intensive care unit (ICU), while the remaining 16 COVID-
19 patients (non-ICU) were admitted to a non-acute hospi-
tal bed. All COVID-19 patients with a clinical diagnosis of
any of the following: Deep vein thrombosis (DVT), stroke,
pulmonary embolism (PE), blood clots in extracorporeal
membrane oxygenation (ECMO) or dialysis tubing were
defined as thrombotic events. Mortality was determined at
the conclusion of this study (September 2021). The control
patient group consisted of healthy volunteers and admitted
surgical patients with no clinical evidence of viral infec-
tion and a negative RT-PCR test within 5 days of sample
collection. Informed consent was provided by the patients
or the surrogates and blood was drawn. Blood of the same-
day surgical patients was drawn prior to the beginning
of the surgical procedure. Volunteers were not remuner-
ated for participating in the study and health status of the
volunteers was determined by self-report. The study was
performed at Columbia University Irving Medical Center
in New York, N.Y., and COVID-19 patients and controls
were recruited in two phases during April-May 2020,
and between November 2020 and April 2021. Blood was
drawn into EDTA-containing tubes, rapidly centrifuged
and plasma separated before being stored at — 80 °C until
analysis. Samples from COVID-19 patients were collected
between 5 and 15 days following admission to the ICU. No
solvents or detergents were added to the plasma samples,
which were handled in a biological safety cabinet under
enhanced Bio Safety Level 2 (BSL-2) protocols.
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Enzyme-linked immunosorbent assay (ELISA)

ELISA kits with colorimetric output were used to deter-
mine the plasma concentrations of PAI-1 (ab184863,
Abcam), fibrinogen (ab241383, Abcam), plasmino-
gen (ab108893, Abcam), tissue plasminogen activa-
tor (t-PA) (ab190812, Abcam), platelet factor 4 (PF4)
(ab189573, Abcam), interleukin (IL) 1 receptor-like 1
(ST2) (ab254505, Abcam), von Willebrand factor (vWF)
(ab223864, Abcam), and tryptase (EKU10581, Biomatik)
according to the manufacturer’s instructions. The plates
were read at 450 nm using an automated microplate reader
(Biotek Epoch). For each subject, we report the mean
value from at least two replicate determinations with a
coefficient of variation (CV) lower than 20%. The mean
intra-assay CV was lower than 10% for all biomarkers and
the inter-assay CVs were 11% for PAI-1, 10% for fibrino-
gen, 7% for plasminogen, 8% for t-PA, 9% for PF4, 14%
for ST2, 10% for vWF, and 12% for tryptase. The plasma
concentrations of each biomarker were determined using
a standard curve, constructed and fit using a 4P logistic
regression equation, and the assay values were corrected
by the appropriate dilution factor in each case.

Statistics

All statistical analyses were performed using Prism 8
(GraphPad Software, Inc). Comparisons between the dif-
ferent COVID-19 and control groups were performed
using Fisher’s test (categorical variables) or the non-par-
ametric Mann—Whitney or Kruskal-Wallis tests (continu-
ous variables). Blood levels of the biomarkers investigated
are presented here as population medians, together with
either the 95% confidence interval (CI) or the interquartile
range (IQR). The sensitivity, sensibility, and area under
the curve (AUC) were calculated from the receiver opera-
tor characteristics (ROC) curves to estimate the accuracy
of each of four selected biomarkers as predictors of mor-
tality and thrombosis. A multivariate logistic regression
model was used to analyze the association of all selected
biomarkers and the outcomes of mortality and thrombo-
sis. For the logistic regression analysis, ROC curves were
performed, and AUC and odds-ratio values are reported.
Exact P values (P) are reported and P <0.05 was consid-
ered statistically significant. Additional detailed statistical
information is presented in the respective Figure Legends.
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Results
Demographics and clinical characteristics

Sixty-three patients (36 males and 27 females, median age
60, IQR 55-69 years) hospitalized with COVID-19 were
included in this study. In addition, we recruited 43 controls
(20 males and 23 females), median age 45 (IQR 30-61)
years. The COVID-19 patients included 47 patients admit-
ted to the ICU (severe COVID-19) and 16 hospitalized
patients not requiring ICU admission.

The clinical characteristics of COVID-19 patients are
listed in Table 1. No differences were found between the
ICU and non-ICU COVID-19 patients in demographics or

the prevalence of co-morbidities such as obesity or hyper-
tension (Table 1). Medications given to each COVID-19
group are also reported in Table 1. At the time of blood
collection, 46 of 47 (97.9%) ICU patients and 1 of 16 non-
ICU patients were mechanically ventilated. Thrombotic
events, including stroke, were more common in ICU than
in non-ICU patients (44.7 vs 12.5%, respectively). Simi-
larly, a higher percentage of patients (74.5%) with acute
kidney injury (AKI) was reported in ICU patients, and 19
ICU patients required continuous renal replacement ther-
apy (CRRT). At the conclusion of this study (September
2021), 17 patients (27.0%) had died and the remainder of
the patients, 46 (73.0%), were discharged.

In Table 2, we report selected laboratory values for
COVID-19 patients. As reported by others [18], levels of

Table 1 Clinical characteristics

- Total Non-ICU ICU P value
of COVID-19 patients
n (%) n (%) n (%)
Demographics
Subjects 63 - 16 - 47 - -
Female 27 (42.8) 8 (50.0) 19 (40.4) 0.5665
Age (median, years)* 63 60* 16 59% 47 61% 0.9346
Comorbidities
Obesity (BMI> 30 kg/m?) 28 (44.4) 6 (37.5) 22 (46.8) 0.5663
Hypertension 37 (58.7) 7 43.7) 30 (63.8) 0.2397
Diabetes 29 (46.0) 5 (31.2) 24 (51.1) 0.2468
Chronic kidney disease 9 (14.2) 1 6.2) 8 (17.0) 0.4271
Immunocompromised 9 (14.2) 1 6.2) 8 (17.0) 0.4271
Heart diseases 8 (12.6) 1 6.2) 7 (14.9) 0.6673
Lung diseases 8 (12.6) 5 (31.2) 3 6.4) 0.0277
In-hospital medications
Steroids 44 (69.8) 15 93.7) 29 (61.1) 0.0247
Broad spectrum antibiotics 50 (79.3) 43.7) 43 91.4) 0.0002
Azithromycin 37 (58.8) 5 (31.2) 32 (68.1) 0.0173
Hydroxychloroquine 32 (50.8) 0 (0.0) 32 (68.1) <0.0001
Remdesivir 20 31.7) 10 (62.5) 10 (21.3) 0.0043
IL-6 antibodies 14 (22.2) 0 (0.0) 14 (29.8) 0.0133
Anticoagulants 16 (25.4) 4 (25.0) 12 (25.5) >0.9999
Clinical outcomes
Ventilation 46 (73.0) 0 0.0) 46 97.9) <0.0001
Acute kidney injury (AKI) 40 (63.9) 5 (31.2) 35 (74.5) 0.0030
AKI stage 1 12 (19.0) 5 (31.2) 7 (14.9) 0.1623
AKIT stage 2 4 (6.9) 0 0.0) 4 (8.5) 0.5645
AKI stage 3 24 (38.1) 0 (0.0) 24 (51.1) 0.0002
Thrombotic events 23 (36.5) 2 (12.5) 21 (44.7) 0.0355
CRRT 19 (30.2) 0 0.0) 19 (40.4) 0.0014
Deceased 17 (26.9) 1 6.2) 16 (34.0) 0.0479

Steroids received include dexamethasone, hydrocortisone, and/or methylprednisolone. IL-6 antibodies:
Sarilumab (Kevzara) or tocilizumab (Actemra). Heart diseases include coronary artery disease and conges-
tive heart failure. Ventilation status is reported at the time of blood collection. P values are for non-ICU
compared to ICU patients (Mann Whitney or Fisher’s test). Values in bold are P <0.05
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Table 2 Laboratory results of COVID-19 patients

Reference values  All (n=63) non-ICU (n=16) ICU (n=47) P value
Median  (IQR) Median  (IQR) Median  (IQR)
Coagulation markers
INR 0.8-1.2 1.2 (1.1-1.3) 1.2 (1.0-1.3) 1.2 (1.2-1.3) 0.1529
Prothrombin time (s) 20-35 343 (30.8-54.6) 31.1 (29.1-339) 36.3 (31.2-61.2) 0.0680
p-dimer (ug/mL FEU) <0.8 4.0 (1.5-9.7) 1.3 (0.7-2.0) 53 (2.0-11.5) <0.0001
Blood count
Platelets (10%/L) 150-350 271 (189-350) 276 (193-347) 271 (184-350) 0.5921
White blood cells (10°/L) 4.5-11 11.5 (7.4-15.8) 9.4 (4.9-14.3) 12.1 (8.0-16.9) 0.1275
Hemoglobin (g/dL) 12-17 10.6 (8.4-12.8) 13.1 (11.5-139) 9.8 (8.0-11.4) 0.0001
Organ injury
Bilirubin (mg/dL) <0.3 0.5 (0.3-0.6) 0.3 (0.2-0.5) 0.5 (0.4-0.7) 0.0091
Serum creatinine (mg/dL)  0.8-1.2 1.1 (0.8-2.3) 1 (0.7-1.2) 1.3 (0.9-2.6) 0.0212

Values are reported as medians (IQR). Laboratory tests were conducted within one day of the date of collection of blood samples for ELISA

assays

INR international normalized ratio, FEU fibrinogen equivalent units, Values in bold are P <0.05 (Mann—Whitney test) for non-ICU vs ICU

patients

p-dimer were significantly elevated in ICU patients [IQR
2.0-11.5 mg/L]. p-Dimer levels were higher in the group
of patients admitted to the ICU than in non-ICU patients
(P<0.0001). Levels of bilirubin and serum creatinine were
also higher in the ICU group.

Coagulation and fibrinolysis markers in mild
and severe COVID-19 patients

We measured the levels of fibrinogen, plasminogen, PAI-1,
and t-PA in the plasma of the 63 COVID-19 patients and 43
controls (Fig. 1) to assess the state of the coagulation and
fibrinolytic systems. Fibrinogen levels in patients with non-
ICU and ICU COVID-19 groups were significantly higher
than in the control group (Control vs non-ICU: P <0.0001,
Control vs ICU: P<0.0001) (Fig. 1a). No difference was
found in plasminogen levels between controls and COVID-
19 patients (Fig. 1b), but levels of t-PA were significantly
higher in both COVID-19 groups compared to controls
(Controls: 4.0 ng/mL vs non-ICU COVID-19: 12.5 ng/mL;
P <0.0001, and vs ICU COVID-19: 22.3 ng/mL; P <0.0001)
Fig. 1¢). In addition, PAI-1 levels were elevated in ICU
COVID-19 patients (Fig. 1d).

Mast cell, T cell, and platelet-related factors in mild
and severe COVID-19 patients

We also investigated the levels of ST2 (the receptor for inter-
leukin-33) to assess the possible involvement of a variety
of lymphocytes, including T cells [10], as well as the levels
of tryptase as an index of recent mast cell degranulation
[11]. Increased levels of ST2 were found in both groups of
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COVID-19 patients (P <0.0001 for each group compared
to controls), (Fig. 2a). We observed somewhat lower levels
of tryptase in the ICU COVID-19 group (Fig. 2b). Finally,
we measured the levels of vVWF, a marker of endothelium
damage and platelet adhesion [12], and the platelet activity
factor PF4. Plasma levels of PF4 were similar in COVID-19
groups and controls (Fig. 2d), but the levels of vVWF were
substantially elevated in both non-ICU and ICU COVID-19
groups (Controls: IQR 6.6—11.9 pg/mL vs non-ICU COVID-
19: IQR 19.4-30 ng/mL; P=0.0004, and vs ICU COVID-
19: IQR 28.4-58.2 ng/mL; P <0.0001) (Fig. 2c).

We compared the plasma levels of these biomarkers with
normal clinical ranges (dotted line in Figs. la, c, d, 2a, c,
respectively) and found that the majority of COVID-19
patients exhibited levels above the consensus normal range
for fibrinogen (>4 mg/mL: 94% of non-ICU and 87% of
ICU patients), t-PA (> 10 ng/mL: 62% of non-ICU and 83%
of ICU patients), PAI-1 (> 50 ng/mL: 50% of non-ICU and
72% of ICU patients), ST2 (> 50 ng/mL: 44% of non-ICU
and 63% of ICU patients) and vWF (> 10 pg/mL: 100% non-
ICU and 92% of ICU patients).

High levels of t-PA, ST2, and vWF were associated
with worse clinical outcomes in severe COVID-19

To investigate the predictive role of selected biomarkers
(PAI-1, t-PA, vWF, and ST2), we asked whether there were
any associations between the plasma levels of the biomarkers
in COVID-19 patients at admission and two specific clinical
outcomes (Fig. 3). High levels of vWF were associated with
thrombotic episodes (Fig. 3d), which were more frequent
among ICU patients (Table 1, Fig. 3). Levels of vWF were



Plasma biomarkers associated with survival and thrombosis in hospitalized COVID-19 patients

a b
<0.0001 0.7824
>0.9999 >0.9999
<0.0001 0.4316
14+ 3004 ——
. [ ]
=5 12— _EI 250 cecreeenienens .8
I =
5107 2 200- 9
~ 8_ [
5 & 150 -4
3 o :
£ 4 '€ 100 o ©° &
8 o H
2 S 50 °
i 24 o
0 0 T T T
A
< O
S & &
¢
COVID-19 COVID-19
c d
<0.0001 <0.0001
0.1753 0.4145
02864 <0.0001
50004 —— o 400 R
4001 o 1
300 100 .
gsoo T 8 E’ 80 T
S 2907 0 S 60 o
£ 2004 & £ P
£ 150 . & 40- %
o . o -
o].& %§ %
O-L
AN
C & &
&
o &
COVID-19 COVID-19

Fig. 1 Plasma levels of fibrinogen, PAI-1, and t-PA are elevated in
COVID-19 patients. Fibrinogen (a), plasminogen (b), PAI-1 (¢),
t-PA (d) were measured in plasma samples from controls (n=43),
non-ICU COVID-19 patients (n=16) and ICU COVID-19 patients
(n=47). Graphs show individual values with the median and 95%
confidence intervals. Deceased patients are indicated as filled sym-
bols. Groups were compared using the Kruskal-Wallis test and P val-
ues are shown in each panel. Significant differences (P <0.05) are in
bold. The dotted lines represent the upper bound of the normal range
for plasma levels of fibrinogen (4 mg/mL) (a), plasminogen (250 pg/
mL) (b), PAI-1 (50 ng/mL) (c), and t-PA (10 ng/mL) (d)

also higher among COVID-19 patients diagnosed with DVT
(Fig. Sla—d), which has a high prevalence in COVID-19
[13]. Furthermore, higher levels of t-PA, ST2, and vWF at
the time of admission were associated with lower likelihood
of survival in COVID-19 patients (Fig. 3f—g). In addition,
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Fig.2 Plasma levels of ST2 and vWF are elevated in COVID-19
patients. ST2 (a), tryptase (b), vVWF (c), and PF4 (d) were meas-
ured in plasma samples from control (n=43), non-ICU COVID-19
(n=16), and ICU COVID-19 patients (n=47, n=45 for b—d). Graphs
show individual values with the median and 95% confidence inter-
vals. Deceased patients are indicated with filled symbols. Groups
were compared using the Kruskal-Wallis test and P values are shown
in each panel. Significant differences (P <0.05) are in bold. The dot-
ted lines represent the upper bound of the normal range for plasma
levels of ST2 (50 ng/mL) (a) and vWF (10 pg/mL) (d).

we found that patients diagnosed with acute kidney injury
(AKI) showed higher levels of t-PA and PAI-1 at the time of
admission (Fig. Sle-h).

Finally, the areas under the curve (AUCs) were calculated
for the same selected biomarkers to evaluate the biomarkers
associated with the prognosis of mortality and thrombosis
(Fig. 4). At the time of admission, the plasma levels of ST2
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Fig.3 Higher levels of t-PA, ST2, and vWF are associated with
worse clinical outcomes in COVID-19 patients. Levels of PAI-1 (a,
e), t-PA (b, f), ST2 (c, g), and vWF (d, h) were compared between
COVID-19 patients grouped by the detection of thrombotic events
(a—d) and by survival outcome (e-h). The number of patients is indi-

(AUC of 0.719, P=0.0096) and vWF (AUC of 0.690,
P =0.0252) had acceptable accuracy for the prognosis of
mortality (Fig. 4a), whereas vVWF showed also fair accuracy
(AUC of 0.724, P=0.0035) for the prognosis of thrombotic
events (Fig. 4b). The combination of the selected biomarkers
(t-PA, PAI-1, vWF, and ST2) using a multivariate logistic
regression model yielded similar acceptable accuracy for the
prognosis of thrombosis (AUC of 0.7597, P=0.0007) and
mortality (AUC of 0.7375, P=0.0051) (Fig. S2).

Discussion
Our study demonstrated that ICU patients with COVID-19
have elevated levels of PAI-1, t-PA, and fibrinogen, as well

as VWF and the IL-33 receptor, ST2, compared to con-
trols; these findings can explain the frequent observation
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cated in parenthesis under each graph. Graphs show individual values
with the median and 95% confidence intervals. Open circles represent
non-ICU patients, and filled circles represent ICU patients. Groups
were compared using the Mann—Whitney test and P values are shown
in each panel. Significant differences (P <0.05) are in bold

of fibrin-mediated hypercoagulability and thrombosis in
severe COVID-19.

There is normally a homeostatic equilibrium between
coagulation and fibrinolysis. Excessive fibrinolysis can
result in abnormal bleeding, whereas a deficit in fibrinoly-
sis can result in plaque formation, disseminated intravas-
cular coagulopathy, stroke, and thrombosis [14]. Coagu-
lopathy in COVID-19 has a distinctive pathophysiology
that appears to include not only impaired fibrinolysis but
also platelet aggregation, inflammation, and microthrombi
[15]. Identification and validation of such biomarkers for
the prognosis of thrombotic risk in COVID-19 patients
is an important and ongoing debate [16]. Evaluation of
additional biomarkers studied here such as ST2 and vWF
may help to characterize the COVID-19-associated coagu-
lopathy and to identify patients at risk for worse clinical
outcomes.
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Fig . 4 Plasma levels of vWF were associated with mortality and
thrombosis in COVID-19. ROC curves for PAI-1, t-PA, ST2, and
VWF for the prognosis of mortality (a) and thrombosis (b). The
diagonal dashed line represents the expected ROC with no predic-
tive value (AUC 0.5). a The mean AUCs were 0.534 (CI 0.362—
0.701, P=0.0352) for PAI-1, 0.673 (CI 0.529-0.812, P=0.6646)

We measured elevated levels of fibrinogen and p-dimer in
COVID-19 patients, as reported in similar studies [17, 18],
and these results are completely consistent with our prior
observations on the important contribution of fibrinogen to
the significant increase in clot viscosity in severe COVID-19
[8]. Increased production of fibrinogen, but not plasminogen,
may also reflect the increase of extra-hepatically synthesis of
fibrinogen in response to inflammation [19]. Together with
elevated levels of fibrinogen and p-dimer, a “fibrinolysis
shutdown” might also be a characteristic of severe cases of
COVID-19, as proposed by previous authors [20].

One of the most important inhibitors of this fibrinolytic
system is PAI-1 [21], and elevated levels of PAI-1 have been
shown to increase the risk of atherothrombotic events [22].
Our observation of increased PAI-1 levels in COVID-19
further supports the hypothesis that reduced fibrinolysis
caused by underproduction of plasmin may contribute to
the hypercoagulability in COVID-19. In agreement with oth-
ers [17, 23], we also found an increase in t-PA levels, the
enzyme responsible for the conversion of plasminogen into
plasmin, in COVID-19 patients. This may lead to an increase
in the rare but serious cases of bleeding in some patients
[23]. However, elevated plasma levels of antigen t-PA can
be compatible with impaired fibrinolysis when PAI-1 levels
are also elevated, because circulating PAI-1 binds rapidly to
t-PA, whereas the clearance of active t-PA is faster than the
PAI-1/t-PA complexes [24, 25]. Therefore, levels of t-PA
are highly correlated with the complex PAI-1/t-PA (inactive
t-PA), and high t-PA and PAI-1 levels in COVID-19 patients
may indicate a reduction in fibrinolysis. In addition, very
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for t-PA, 0.719 (CI 0.582-0.857, P=0.0096) for ST2, and 0.690 (CI
0.532-0.847, P=0.0252) for vWF. b The mean AUCs were 0.599
(CI 0.440-0.757, P=0.1939) for PAI-1, 0.575 (CI 0.424-0.726,
P=0.3246) for t-PA, 0.5749 (CI 0.427-0.723, P=0.3297) for ST2,
and 0.724 (CI 0.591-0.858, P=0.0035) for vWF

high t-PA levels were clearly associated with non-survival
in our study.

PAI-1, like t-PA, is normally produced and released from
the vascular endothelium, but PAI-1 can also be produced by
extravascular tissues, where its expression can be induced
via activation of Nuclear Factor kB (NF-xB) by IL-6, Tumor
necrosis factor a (TNF a) and a wide range of other pro-
inflammatory mediators [21]. These mediators are known as
components of the proposed cytokine storm syndrome that
is the characteristic of many patients with severe COVID-
19 [2].

The IL-33 acts on its cognate receptor ST2 and the
IL-33/ST2 axis has been suggested to play a key role in the
cytokine storm reported in COVID-19 [10]. We found high
concentrations of ST2 in the plasma of COVID-19 patients,
which has been suggested to be related to endothelial or
pneumocyte inflammation and damage [10]. We found that
higher levels of ST2 were associated with mortality, which
supports the prognostic value of this biomarker in COVID-
19, as suggested elsewhere [26].

Mast cells can play a role in the recruitment of inflam-
matory cells during vascular injury [27] and the production
of PAI-1 [28]. Tryptase is generally measured as a proxy
indicator of mast cell degranulation [11]. We did not find
increases in tryptase in COVID-19 patients, but the involve-
ment of mast cell degranulation in early stages of COVID-19
cannot be completely discarded, since tryptase has a short
half-life of 2 h and may trigger other factors involved in
degranulation such as IL-6 [11]. Nevertheless, tryptase does
not seem likely to be a useful biomarker.
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It has been suggested that the association between inflam-
mation and thrombosis in COVID-19 might be mediated by
endothelium injury and platelet aggregation [12]. The high
levels of vWF found in the plasma of COVID-19 patients
confirm similar results from recent studies [29, 30]. These
results might reflect an alteration in the balance of vWF
and the protease ADAMTS13 (A Disintegrin And Metal-
loprotease with ThromboSpondin 1 repeats, number 13) that
cleaves the vVWF multimers released after endothelial dam-
age [30, 31]. The increased level of vWF, which mediates
the interaction between platelets and activated endothelium
[32], might lead to platelet aggregation and a higher risk
of microthrombi [12, 31]. The association of high levels
of vVWF with thrombosis in our study would seem to sup-
port this hypothesis, although the platelet count in non-
ICU and ICU COVID-19 groups were in the normal range.
Thus, additional markers such as ADAMTS13 as well as
the activity of vWF may be required to fully characterize
the functional role of vWF during platelet aggregation [33].
Direct or indirect endothelial damage by SARS-CoV-2 and
dysregulation of fibrinolysis have been suggested as addi-
tional mechanisms related to COVID-19 coagulopathy [7],
and vWF may be a part of an endothelium-mediated inflam-
matory response, along with PAI-1, which may lead to worse
clinical outcomes and survival rate, as seen in our study. Our
results also suggest the good prognostic value of vWF for
severe clinical outcomes in COVID-19.

In contrast to vWF, plasma levels of platelet activity
marker PF4 and platelet count were not elevated in our
cohort of patients. Although we cannot rule out the possi-
bility of in vitro platelet activation due to the use of EDTA-
plasma and sample handling variability [34], the levels of
PF4 in COVID-19 patients were lower than or consistent
with previous studies [35]. Differences in PF4 levels found
in our study among COVID-19 patients might be due to the
fast turnover of this biomarker in plasma [36] in contrast to
the steady high levels of vVWF [37]. Other platelet biomark-
ers like the platelet receptor P-selectin may be more tightly
correlated with the levels of vWF [38]. It has been shown
that the levels of P-selectin were elevated only in critically ill
COVID-19 patients [39], whereas both P-selectin and solu-
ble CD40 ligand (an activation marker of platelets) seem to
contribute to a higher risk of mortality in COVID-19 [40].
Additionally, activation of the complement system, mainly
via the membrane attack complex (C5b-9), can also promote
platelet adhesion in COVID-19 by inducing the expression
of P-selectin and vWF [41].

From the early stages of the COVID-19 pandemic, there
have been attempts to rectify the complications associated
with COVID-19 coagulopathy by stimulating fibrinolysis,
with the initial focus exclusively on t-PA [42]. Recent results
from a clinical trial of alteplase showed no bleeding events
associated with the treatment but only a slight improvement
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in oxygenation [43]. It seems unlikely that the use of t-PA
would be useful in COVID-19 patients with elevated levels
of t-PA, as shown here and by others [23], potentially expos-
ing these patients to excessive bleeding risk. Determining
levels of t-PA and PAI-1 and calculating the ratio between
t-PA and PAI-1 may help to some degree in identifying
patients at risk for bleeding. Furthermore, t-PA adminis-
tered exogenously has a short half-life [44] and its admin-
istration in severe COVID-19 patients would likely result
in rapid inactivation, due to the very high levels of ambient
PAI-1. There is evidence that streptokinase administered
via a nebulizer can be effective in treating coagulopathy in
ARDS resulting from other diseases [45] and it might be
considered as a useful alternative treatment for COVID-19
coagulopathy.

A primary excess of PAI-1 may contribute to an imbal-
ance between coagulation and fibrinolysis, resulting in
the widespread and persistent coagulopathy seen in some
COVID-19 patients. Inhibitors of PAI-1 such as tiplaxtinin
(PAI-039) [46] or the novel TM5484 [47] are being studied
as an intervention in COVID-19, supplementing the use of
anticoagulants and corticosteroids. Measuring PAI-1 and
t-PA levels, in addition to close monitoring for bleeding
complications, would be required to assure safe use of any
of these drugs. Other treatments related to the biomarkers
measured in this study include anti-ST2 [10] and anti-vWF
antibodies [48], but, to the best of our knowledge, clinical
trials in COVID-19 are not yet underway.

Our study has some obvious limitations, such as the mod-
est sample size and the use of a single time point for meas-
urement of the biomarkers. For instance, moderate sample
sizes may affect the performance of the multivariate logistic
regression analysis [49]. Another limitation of our study is
that the COVID-19 group was older than the control group
and we cannot discard a potential modest effect of age-
related differences in some biomarkers such as PAI-1 [21].
In addition, we suspect that the incidence of thrombosis
might be underestimated due to the difficulties in the diag-
nosis of certain thrombotic events such as microthrombosis
[50]. There have been some changes in medication regimens
given to patients between the initial and subsequent waves of
COVID-19, and these might have some effect on the plasma
levels of the biomarkers measured in this study. Neverthe-
less, the reproducible nature of our findings and those of
others with respect to PAI-1 [17, 23] and vWF [30, 31] sup-
ports the idea that high plasma levels of these biomarkers
are a consistent feature of severe COVID-19.

Our study provides strong evidence that elevated levels
of certain biomarkers such as t-PA, ST2, and vWF, as well
as abnormal coagulation [8], may be related to the incidence
of thrombosis, renal failure, and might contribute to other
longer term complications in COVID-19 patients. These bio-
markers show robust and consistent increases in COVID-19
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and can be assessed at the time of admission to non-ICU and
ICU settings; our analysis suggests that they may prove use-
ful as additional predictors of COVID-19 patients at elevated
risk for thrombosis or severe clinical outcomes.
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