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Abstract

Background Coronavirus disease 2019 (COVID-19) is a respiratory disease associated with endotheliitis and
microthrombosis.

Objectives To correlate endothelial dysfunction to in-hospital mortality in a bi-centric cohort of COVID-19 adult patients.
Methods Consecutive ambulatory and hospitalized patients with laboratory-confirmed COVID-19 were enrolled. A panel
of endothelial biomarkers and von Willebrand factor (VWF) multimers were measured in each patient <48 h following
admission.

Results Study enrolled 208 COVID-19 patients of whom 23 were mild outpatients and 189 patients hospitalized after admis-
sion. Most of endothelial biomarkers tested were found increased in the 89 critical patients transferred to intensive care unit.
However, only von Willebrand factor antigen (VWF:Ag) scaled according to clinical severity, with levels significantly higher
in critical patients (median 507%, IQR 428-596) compared to non-critical patients (288%, 230-350, p <0.0001) or COVID-
19 outpatients (144%, 133—-198, p=0.007). Moreover, VWF high molecular weight multimers (HMWM) were significantly
higher in critical patients (median ratio 1.18, IQR 0.86—1.09) compared to non-critical patients (0.96, 1.04—1.39, p <0.001).
Among all endothelial biomarkers measured, ROC curve analysis identified a VWF:Ag cut-off of 423% as the best predictor
for in-hospital mortality. The accuracy of VWF:Ag was further confirmed in a Kaplan—Meier estimator analysis and a Cox
proportional Hazard model adjusted on age, BMI, C-reactive protein and p-dimer levels.

Conclusion VWF:Ag is a relevant predictive factor for in-hospital mortality in COVID-19 patients. More than a biomarker,
we hypothesize that VWF, including excess of HMWM forms, drives microthrombosis in COVID-19.

Keywords Endothelial activation - COVID-19 - Von Willebrand factor - Multimers - Mortality - Microthrombosis

Introduction

Coronavirus disease 2019 (COVID-19) is a respiratory
disease caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) characterized by an intense
inflammatory syndrome associated with a coagulopathy

4 David M. Smadja
david.smadja@aphp.fr

Extended author information available on the last page of the article

and has been described as an endothelial disease [1, 2].
Increased p-dimer has been proved to be the most relevant
biomarker of the COVID-19-associated coagulopathy [3].
Indeed, a high p-dimer level at the time of patients admis-
sion has been reported to be associated with the COVID-19
diagnostic likelihood [4], disease severity, risk of intensive
care unit (ICU) referral and mortality [5, 6]. Moreover,
we recently proposed that in COVID-19, p-dimer levels
reflect pulmonary microvascular thrombosis at the origin
of right ventricle dysfunction [7]. Autopsy case series con-
firmed the hypothesis that both endothelial inflammation
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and microvascular thrombosis are prominent in the pulmo-
nary, renal and intestinal vasculature. This microthrombotic
process has been described as closely related to endothe-
lial lesions characterized by endotheliitis [8], abnormal
angiogenesis in lungs [9] and also an increase in circulating
endothelial cells (CECs) in COVID-19 patients [4, 10]. This
endothelial injury is probably the result of a combination of
SARS-CoV-2 direct entry in endothelial cells (ECs) [8], the
subsequent prothrombotic phenotype of ECs and the sur-
rounding tissue collateral damage secondary to cytokine
release and complement-system activation [11, 12]. In
line, we recently described an association between plasma
angiopoietin-2 (Ang2) levels at admission and COVID-
19 patients referral to the ICU [13]. However, the precise
pathogenesis of endothelial injury and its deleterious con-
sequences in COVID-19 are still elusive and a better under-
standing of these processes could help physicians, especially
in the ICU, to determine the appropriate therapeutic strat-
egies for preventing and treating coagulopathy associated
with endothelial damage.

The objective of the present study was to assess to what
extent endothelial activation biomarkers measured at admis-
sion were predictive of in-hospital mortality in a large cohort
of 208 adult COVID-19 patients.

Materials and methods
Study design and population

We performed a bi-centric cross-sectional study of adult
(= 18-years old) COVID-19 hospitalized and ambulatory
patients in two French hospitals (European Georges Pompi-
dou Hospital and Cochin-Hotel Dieu Hospital, Paris, France)
between March 13 and June 26, 2020. The study was per-
formed in accordance with the Declaration of Helsinki and
a written consent form was signed by all patients included or
their trusted relatives at the time of enrollment (SARCODO
2020-A01048-31A, NCT04624997). All included patients,
hospitalized or not, presented a confirmed diagnosis of
COVID-19, using a reverse transcriptase—polymerase chain
reaction (RT-PCR) assay on nasopharyngeal swab samples
(Allplex™ 2019-nCoV Assay, Seegene, Seoul, South Korea)
as previously described [14]. Data were automatically ana-
lyzed using Seegene viewer software.

Patients were classified according to World Health
Organization guidance (WHO) as non-critical (median oxy-
gen requirement 3 1/min; WHO score range 4-7) or critical
(requiring mechanical ventilation, WHO score range 8-9)
in the first 48 h following admission for clinically suspected
COVID-19. Outpatients were COVID-19 patients who met
no hospitalization criteria and returned home immediately
after RT-PCR testing for COVID-19 diagnosis. None of the
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outpatients required supplemental oxygen, were later hospi-
talized or died in the month following COVID-19 diagnosis.
Finally, we also included 29 non-COVID-19 non-hospital-
ized individuals who served as controls. These patients had
an initial clinical suspicion of COVID-19, but with mild
clinical presentation and a negative RT-PCR result.

Patient characteristics including age, sex, comorbidities,
medical history and treatment at admission were recorded.
The primary outcome was COVID-19 in-hospital mortality.

Laboratory procedures on admission

Routine laboratory tests and sampling for an extensive panel
of endothelial activation biomarkers were all performed at
hospital admission i.e. in the first 48 h following the admis-
sion for suspected COVID-19. Venous blood was collected
from patients and controls and processed according to
standard laboratory techniques. Routine laboratory tests
were plasma creatinine, C-reactive protein (CRP) and high-
sensitivity cardiac troponin I (Hs-cTnl) conducted on a DXI
analyzer (Beckman Coulter, Brea, CA). Regarding coagula-
tion assays and endothelial biomarker measurements, blood
was collected in 0.129 M trisodium citrate tubes (INC BD
Vacutainer, Plymouth, UK). Platelet-poor plasma (PPP) was
obtained after centrifugation twice at 2500xg for 15 min and
stored at — 80 °C until analysis. Measurement of b-dimer
was performed using the Vidas p-dimers® assay (Biomé-
rieux, Marcy-Etoile, France) according to the manufacturer’s
instruction. The plasma concentrations of soluble E-selectin
(sE-sel), soluble endoglin (sEng), angiopoietin-1 (Angl),
Ang?2 and vascular cell adhesion protein 1 (VCAM-1) were
quantified in PPP using a Human Magnetic Luminex Assay
(R&D Systems, Minneapolis, MN). Data were assessed with
the Bio-Plex 200 using the Bio-Plex Manager 5.0 software
(Bio-Rad, Marnes-la-Coquette, France). Soluble throm-
bomodulin (sTM, DTHBDO, R&D Systems) and soluble
endothelial protein C receptor (SEPCR, 00264, Diagnos-
tica Stago, Asnieres, France) were measured using ELI-
SAs on plasma samples according to the manufacturer’s
recommendations.

CECs were isolated and counted by immunomagnetic
separation using anti-CD146 monoclonal-antibody-coated
beads and marking reagent acridin orange as previously
described [4].

Von Willebrand factor antigen (VWF:Ag) and activity
(VWF:Rco) used (STA Liatest, Diagnostica Stago) and a
latex immunoturbidimetric assay (VWF:Rco; Diagnos-
tica Stago), respectively, on a STA-R® Max coagulome-
ter (Diagnostica Stago). The VWF multimers pattern was
evaluated by a semi-automated assay: the Hydragel 5 von
Willebrand multimers kit, on the Hydrasis 2 Scan instru-
mentation (Sebia, Lisses, France) [15, 16]. All samples were
defrozen in a water bath at 37 °C for 5 min, were treated with
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the appropriate sample diluent and incubated for 20 min at
45 °C. The dilution ratio was adapted to adjust all patients’
samples to 100% VWF:Ag. The treated plasma samples were
loaded onto Hydragel 5 von Willebrand multimers gels (5 pl/
well) for migration by agarose gel electrophoresis. Direct
immunofixation by anti-VWF antibodies and visualization
by peroxidase-labeled antibodies revealed the multimeric
profile. According to a standard VWF multimers evaluation
[17], the relative proportions of low- (<5-mers, LMWM),
intermediate- (6- to 10-mers, IMWM), and high-molecu-
lar-weight multimers (> 10-mers, HMWM) of VWF were
determined using densitometry analysis on a Hydrasis 2
Scan. Multimers pattern curves were displayed on the Sebia
Phoresis software. For each patient, LMWM, IMWM and
HMWM were either expressed as a proportion (expressed
in percentage) of each patient’s total multimers or as a ratio
between patient’s and healthy volunteers’ pooled plasma.

Statistical analysis

Continuous data were expressed as median (interquar-
tile range (IQR)] and categorical data as proportions. In
the univariate analysis, patients were compared accord-
ing to COVID-19 status (non-COVID-19 vs COVID-19)
and COVID-19 severity (non-critical vs critical) using the
Mann—Whitney test and Fisher’s exact test for continuous
and categorical variables, respectively. The association
between levels of endothelial activation biomarkers and
COVID-19 severity was assessed using the Kruskal-Wal-
lis and Cochran—Armitage tests for trends for continuous
and categorical variables (multiple groups), respectively.
In order to estimate the ability of VWF:Ag to predict in-
hospital mortality, we used receiver operator characteris-
tics (ROC) analysis. We estimated the area under the curve
(AUC) and its 95% confidence interval (CI) and selected
the optimal cutoff that illustrated the prognostic ability of
VWF:Ag.

In the multivariate analysis, we assessed the associa-
tion between VWF:Ag and in-hospital mortality using the
logistic regression model adjusted for age, body mass index
(BMI), p-dimer and CRP levels.

For the survival analysis among patients hospitalized for
COVID19, the start of the study was triggered by the diag-
nosis of SARS-CoV-2 infection. The end of the study was
defined either by patient’s death during their hospitaliza-
tion or by discharge alive from the hospital. We used the
Kaplan—Meier curve to estimate the survival function from
diagnosis to in-hospital death according to the optimal cutoff
of VWF:Ag. Survival curves were compared using the log-
rank test. We used the Cox proportional hazard (PH) model
adjusted for age, BMI, p-dimer and CRP levels to investigate
the relationships between the increase in VWF:Ag (over the
calculated cut-off value) and in-hospital mortality.

All analyses were two-sided and a p-value of <0.05 was
considered to be statistically significant. Statistical analysis
was performed using R studio software including R version
3.6.3 (RStudio, PBC, Boston, MA).

Results
Study population

Between March 13 and June 26, 2020, a total of 208
COVID-19 adult patients comprising 23 outpatients and 185
hospitalized patients were included in this study. Among
hospitalized patients at admission, 89 (48.1%) suffering
from critical forms of COVID-19 were under mechanical
ventilation (MV) in the ICU, whereas 96 (51.9%) were hos-
pitalized in medical wards. Among the patients included,
129 (62.0%) were male. The non-COVID-19 control group
comprised 17 (58.6%) females and 12 (41.4%) males. The
median age was 39 (IQR 32.0-46.0) in the non-COVID-19
group and 62 (50.0-72.0) in COVID-19 patients. Patients
were significantly older (p <0.001) and included a higher
proportion of males (p <0.001) than non-COVID-19 patients
(Table 1). Compared with the non-COVID-19 group, car-
diovascular risk factors were more frequent in COVID-19
patients, especially in those who were hospitalized. Indeed,
105 (50.5%) COVID-19 patients suffered from hypertension,
while obesity, hyperlipidemia and diabetes were found in
approximately one third of them. Concerning hospitalized
COVID-19 patients, critical and non-critical patients did
not significantly differ for most clinical and biological char-
acteristics; however, critical patients had a higher median
BMI (28.1, IQR 26.0-33.7) than non-critical patients (24.4,
23.2-28.5, p<0.001). Furthermore, critical patients had sig-
nificantly higher p-dimer, Hs-cTnlI and CRP levels (p <0.001
for each) than non-critical patients.

Endothelial activation biomarkers are associated
with COVID-19 severity

First, CECs were significantly increased in critical (median,
32.0, IQR 17.0-55.5) COVID-19 patients compared with
non-critical patients (15.0, 9.00-28.50, p <0.001) (Fig. la,
Table 2). In contrast, Angl, sEng and sEPCR levels were
not significantly different between COVID-19 and non-
COVID-19 patients (Fig. 1b—d). Compared to the non-
COVID-19 group, levels of sVCAM-1 were increased sig-
nificantly in non-critical and critical COVID-19 patients
without no significant difference between these two groups
(critical: median 2935 ng/ml IQR 1830-5646, non-criti-
cal: 2272 ng/ml, 1068—4239, p=0.77) (Fig. le). Levels of
sE-sel (critical: median 42879 pg/ml, IQR 32136-65398,
non-critical: 22453 pg/ml, 17873-28643, p <0.0001), sTM
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Table 1 Demographic, clinical and biological characteristics of COVID-19 and non COVID-19 patients at admission

Non-COVID-19 (n=29) COVID-19 patients p-value
Outpatients (n=23) Non-critical (n=96) Critical (n=289)
Male sex—n (%) 12 (41.4) 9(39.1) 55 (57.3) 65 (73.0) 0.002
Age—years median (IQR) 39.0 [32.0-46.0] 40.0 [34.046.5] 65.5 [55.0-76.0] 62.0 [51.0-71.0] <0.001
BMI—kg/m? median (IQR) 24.5[22.1-28.1] 23.3 [21.6-24.6] 24.4 [23.2-28.5] 28.1[26.0-33.7] <0.001
Delay between first symptoms and hospi- — - 7.0 [5.0-10.3] 7.0 [5.0-10.0] 0.77
talization—days median (IQR)
Comorbidities
Obesity—n (%) 517.2) 0(0.0) 18 (18.8) 33 (37.1) <0.001
Hypertension—n (%) 4(13.8) 2(8.7) 53 (55.2) 50 (56.2) <0.001
Hyperlipidaemia—n (%) 0(0.0) 2(8.7) 21 (21.9) 30 (33.7) <0.001
Diabetes—n (%) 1(3.4) 0 (0.0) 23 (24.0) 31 (34.8) <0.001
Chronic kidney disease—n (%) 1(3.4) 0 (0.0) 9(9.4) 13 (14.6) 0.10
Active or history of malignancy—n (%) 0 (0.0) 2(8.7) 18 (18.8) 11 (12.4) 0.057
Coronary artery disease or myocardial 2(6.9) 14.3) 9(9.4) 8(9.0) 0.35
infarction—n (%)
Stroke or transient ischaemic attack—n 1 (3.4) 0(0.0) 33D 7(7.9) 0.28
(%)
Asthma—n (%) 1(3.4) 3(13.0) 8 (8.3) 3334 0.25
History of VTE—n (%) 0(0.0) 0(0.0) 3(3.1) 8(9.0) 0.52
Biological parameters
D-dimer—ng/ml median [IQR] 214 [172-291] 295 [140-438] 1089 [798-1889] 4186 [2498-7292] <0.001
CRP—mg/l median [IQR] - 28.0 [14.8-33.4] 63.6 [32.0-117.9] 189.1 [121.5-259.9] <0.001
Plasma creatinine—umol/l median [IQR] - 64.00 [64.0-64.0] 68.0 [56.5-83.5] 102.0[72.6-214.3] <0.001
Hs-cTnl—ng/l median [IQR] 6.8 [5.6-9.1] 7.2 [5.6-8.8] 8.1 [5.0-15.1] 28.80 [15.3-51.7] <0.001
Outcomes
MV—n (%) 0(0.0) 0(0.0) 44.2) 89 (100.0) <0.001
In-hospital mortality—n (%) 0(0.0) 0(0.0) 221 39 (43.8) <0.001
Length of hospitalization—days median - - 8.5[5.0-16.0] 26.0 [15.0-39.0] <0.001

[IQR]

IOR interquartile range, BMI body mass index, CRP C-reactive protein, VTE venous thromboembolism, Hs-cTnl high-sensitivity cardiac tro-
ponin I, MV mechanical ventilation obesity was defined as BMI > 30 kg/m?

(critical: median 636 pg/ml, IQR 499-871, non-critical:
343 pg/ml, 298-412, p <0.0001), Ang2 (critical: median
5360 pg/ml, IQR 4244-9776, non-critical: 2022 pg/ml,
1363-2663, p<0.0001), were significantly increased only in
critical COVID-19 patients. In outpatients and non-critical
COVID-19 patients in medical wards, circulating levels of
these endothelial biomarkers circulating levels did not sig-
nificantly differ from non-COVID-19 patients. (Fig. 1f-h).
In contrast to the abovementioned biomarkers, VWF:Ag
levels scaled along with COVID-19 severity. Levels of
VWE:Ag levels were significantly higher in all COVID-19
patients (median 367%, IQR 250-487) compared with non-
COVID-19 patients (113%, 91-152, p <0.0001). Further-
more, VWF:Ag levels were significantly higher in critical
patients (median 507%, IQR 428-596) in contrast to non-
critical patients (288%, 230-350, p <0.0001) and were sig-
nificantly higher in non-critical patients (288%, 230-350)
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in contrast to COVID-19 outpatients (144%, 133-198,
p=0.007, Fig. 1i). In terms of the association of endothe-
lial markers and usual parameters of severity, VWF:Ag
levels were the parameter most significantly associated
with p-dimer levels (r=0.794 p <0.0001), CRP (r=0.585
p <0.001) and troponin I (r=0.550 p <0.0001). As
expected, levels of VWF:Ag were strongly correlated with
those of VWF:Rco (r=0.944, p <0.001, data not shown).
Following the observation that increased VWF:Ag in
COVID-19 patients mirrored clinical severity, we next
explored VWF involvement in COVID-19, performing VWF
multimer analysis in both randomly generated subgroups
of 40 critical and 37 non-critical included patients. No sig-
nificant difference was observed in IMWM, while a signifi-
cant decreased in LMWM was observed (Fig. 2a, b). Strik-
ingly, VWF HMWM (ratio) were significantly increased in
critical patients (median 1.18, IQR 1.04-1.39) compared to
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Fig.1 Levels of endothelial activation biomarkers according to criti-
cal patients, non-critical patients, outpatients, and non-COVID-19
individuals. Datapoints indicate individual measurements, whereas
horizontal bars represent the means with standard deviations. Green
shaded areas indicate the normal ranges of values. p-value comes
from the Mann—Whitney for comparison between two groups and
the Kruskal Wallis test for comparison between the four groups. a
Measurement of circulating endothelial cells (CECs) in 37 critical

non-critical patients (0.96, 0.86-1.09, p <0.001, Fig. 2c, d),
in line with the decreased LMWM.

VWEF is the best endothelial biomarker to predict
in-hospital mortality in COVID-19

Subsequently, we further investigated the association
between the levels of endothelial biomarkers at admission
and in-hospital mortality. First, we performed a univari-
ate logistic regression model for all endothelial biomark-
ers measured. In decreasing order, variations in levels of
HMWM (ratio) (odds ratio, OR 116, 95% CI 10.2-1943,
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and 40 non-critical COVID-19 patients at admission. Plasma levels
of angiopoietin-1 (b), soluble endoglin (c), soluble endothelial pro-
tein C receptor (SEPCR) (d), soluble vascular cell adhesion molecule
(VCAM-1) (e), soluble E-selectin (f), sSTM (soluble thrombomodulin)
(g), angiopoietin-2 (h), von Willebrand factor antigen (VWF:Ag) (i)
in 89 critical and 96 non-critical COVID-19 patients, 23 COVID-19
outpatients and 29 non-COVID-19 individuals at admission

p<0.001), HMWM (%) (OR 1.11, 95% CI 1.00-1.24,
p=0.048), vWF:Ag (OR 1.01, 95% CI 1.01-1.02, p <0.001)
and sTM (OR 1.01, 95% CI 1.01-1.01, p <0.001) were the
most significantly associated with in-hospital mortality
(Table 2). In order to evaluate the respective discriminatory
ability between survivors and non survivors of those four
biomarkers, we generated ROC curves. Among generated
ROC curves in hospitalized patients, VWF:Ag (AUC 0.92,
95% CI 0.88-0.96) proved to be the best predictive param-
eter followed by sTM (0.91, 95% CI 0.87-0.95), HMWM
(as a ratio vs normal plasma: 0.77, 95% CI 0.64-0.90, as a
percentage 0.64, 95% CI 0.49-0.79) (Fig. 3). Therefore, we
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Table 2 Admission level and univariate outcome association of endothelial biomarkers and von Willebrand factor-related parameters of COVID-
19 and non-COVID-19 patients

Non-COVID-19
(n=29)

COVID-19 patients

Outpatients (n=23)

Non-critical (n=96) Critical (n=2_89)

p-value Univariate association

with mortality OR
(95% CI, p-value)

Days between
admission and
laboratory meas-
urements-

median[IQR]

Endothelial bio-
markers

CECs/ml median
[IQR]

Angiopoietin-2—pg/
ml median [IQR]

Soluble E-selectin—
pg/ml

median [IQR]

sTM-pg/ml median
[IQR]

Soluble VCAM-1—
ng/ml (median
[IQR])

Angiopoietin-1—pg/
ml median [IQR]

Soluble endoglin—
pg/ml median
[IQR]

SEPCR—ng/ml
median [IQR]

VWF-related
parameters

VWF:Ag—%
median [IQR]

VWF:Rco—%
median [IQR]

VWF:Rco/
VWEF:Ag—Ratio
median [IQR]

LMWM—% median
[IQR]

LMWM-—ratio
median [IQR]

IMWM—% median
[IQR]

IMWM-—ratio
median [IQR]

HMWM—Y% median
[IQR]

HMWM-—ratio

median [IQR]

1489 [1155-1753]

23914 [17737-
26318]

296
[257-320]
518 [408-670]

3227 [2150-3689]

1921 [1489-2095]

71.7[68.5-89.2]

113 [91-152]

96 [73-119]

0.83 [0.80-0.86]

1329 [1091-1674]

20787 [13938—
25159]

312 [298-333]

918 [649-1097]

3800 [1634-5467]

1736 [1496 1946]

68.3 [60.2-81.9]

144 [132-198]

122 [95-161]

0.80[0.71-0.84]

1.0 [1.0-2.0]

15.0[9.0-28.5]

2022 [1363-2663]

22453 [17873-
28643]

343 [298-412]

2272 [1068-4239]

3961 [2108-6064]

1301 [1088-1552]

54.1[38.1-82.2]

288 [230-350]

231 [174-276]

0.81 [0.72-0.90]

42.1[39.2-44.7]

1.09 [1.03-1.16]

31.9 [30.6-33.0]

0.92 [0.85-0.98]

26.5 [25.1-28.3]

0.96 [0.86-1.09]

1.00 [1.00-2.00]

32.0[17.0-55.5]

5360 [4244-9776]

429879 [32136—
65398]

636 [499-871]

2935 [1830-5646]

2947 [1341-3741]

1489 [1186-1857]

64.3 [45.1-93.7]

507 [428-596]

399 [333-537]

0.77[0.66-0.91]

38.40 [36.7-42.2]

1.00 [0.85-1.12]

30.90 [29.3-32.3]

0.90 [0.84, 0.94]

29.80 [25.6-34.1]

1.18 [1.04-1.39]

0.78 -

0.001 1.01 (1.00-1.03,
p=0.092)

<0.001 1.00 (1.00-1.00,
p<0.001)

<0.001 1.00 (1.00-1.00,
p<0.001)

<0.001 1.01 (1.01-1.01,
»<0.001)

<0.001 1.00 (1.00-1.00,
p<0.001)

0.009 1.00 (1.00-1.00,
p=0.012)
0.052 1.00 (1.00-1.00,
p=0.991)
0.31 1.00 (0.99-1.01,
p=0091)

<0.001 1.01 (1.01-1.02,
p<0.001)

<0.001 1.01 (1.01-1.01,
p<0.001)

0.16 0.16 (0.02-1.51,
p=0.11)

0.004 0.94 (0.85-1.03,
p=0.21)

0.20 0.01 (0.00-0.22,
p=0.007)

0.26 0.92 (0.75-1.12,
p=0.43)

0.005 0.23 (0.00-46.60,
p=0.60)

<0.001 1.11 (1.00-1.24,

p=0.048)

0.004 116 (10.2-1943
p<0.001)

IQR interquartile range, OR odds ratio, CI confidence interval, CECs circulating endothelial cells, sTM soluble thrombomodulin, VCAM-1 vas-
cular cell adhesion molecule 1, sEPCR soluble endothelial protein C receptor, VWF:Ag von Willebrand factor antigen, vVWF:Rco von Willebrand
factor ristocetin cofactor activity, LMWM von Willebrand factor low-molecular weight multimers, IMWM von Willebrand factor intermediate-
molecular weight multimers, HMWM von Willebrand factor high-molecular weight multimers
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used the ROC curve of VWF:Ag to estimate a cut-off value
to predict in-hospital mortality. A VWF:Ag level at 423%
provided an optimal sensitivity—specificity balance with an
acceptable sensitivity of 95.1% (95% CI 88.0-99.1) associ-
ated with an excellent negative predictive value of 98.7%
(95% CI 95.1-99.8) to predict in-hospital mortality.

Indeed, in a univariable analysis model a VWF:Ag level
over 423% at admission was significantly associated with
higher in-hospital mortality (OR 89.7 95% CI 25.9-567.4,
p <0.001). This association remained significant in a multi-
variable analysis model adjusted on age, BMI, p-dimer and
CRP (OR 25.6,95% C15.6-198.2, p<0.001) (Table 3).

This ability of the vWF:Ag cut-off to predict in-hospital
mortality was additionally validated in a Kaplan—Meier
estimator (p <0.001, Fig. 4) and a Cox proportional hazard
analysis adjusted for age, BMI, p-dimer and CRP (Hazard
ratio, HR 9.46, 95% CI 1.99-44.9, p=0.005, Fig. 5).

Discussion

In this study, we demonstrated that markers of endothelial
injury in COVID-19 patients were related to severity of
patients at admission and to in-hospital mortality. To our
knowledge, this study is the first one to examine an exten-
sive panel of endothelial circulating biomarkers, includ-
ing the assessment of circulating endothelial cells, soluble
markers and VWF multimers patterns in such a range of
COVID-19 severities, from mildly symptomatic outpatients
to critically ill patients, in a cohort of this scale and a non-
COVID-19 control group. The best predictive marker of in-
hospital mortality was found to be VWF:Ag, which makes
relevant its evaluation in daily practice during COVID-19
hospitalization.

First of all, we confirmed that an endothelial dysfunction
occurs in COVID-19, in particular in severe forms. Previ-
ously, our team demonstrated an association between Ang2
levels at admission and ICU referral [13]. Moreover, Goshua
et al. showed that sTM levels measured in critical COVID-
19 patients were increased and were a good predictor of
in-hospital mortality [18]. Recently, Cugno et al. reported
increased levels of sTM and sE-sel in severe COVID-19
patients without establishing their relationship to in-hospital
mortality [19]. In the present study, we found an increase
in several specific biomarkers of EC injury in COVID-
19 patients compared with non-COVID-19 individuals,
the most striking differences being observed in VWF:Ag.
Notably, we identified two distinctive profiles of biomark-
ers according to clinical severity. Indeed, Ang2, sE-sel and
sTM were elevated only in critical patients, whereas only
VWF:Ag increased accordingly to disease severity. Von
Willebrand factor, which mediates platelet adhesion and
aggregation through its binding to platelet GPIX-Ib receptor,

is contained in endothelial Weibel-Palade bodies (WBPs),
mainly in the form of large multimers [20]. Inflammatory
cytokines, in particular interleukin 1 and tumor necrosis fac-
tor a, were shown to trigger endothelium activation which
results notably into the release of endothelial WBPs con-
tent and therefore VWF by exocytosis [21]. As expected,
in our cohort, VWF:Ag levels correlated with inflamma-
tory markers such as CRP. To date, the only therapy which
has demonstrated clinical proofs on in-hospital mortality in
COVID-19 is steroids, reducing deaths by approximately
one-third among critically-ill patients [22]. In addition to
well-known systemic anti-inflammatory effects, steroids
exert various direct effects on EC. Indeed, steroids inhibit
endothelial phenotype induced by inflammation [23-25]
and improve endothelial barrier integrity through upregula-
tion of junctional proteins such as occludin, claudin-5, and
VE-cadherin [26]. Thus, steroids could decrease excessive
endothelium activation and subsequent VWF release which
could explain, at least partly, their clinical beneficial in
COVID-19. Future studies need to appreciate endothelial
lesion markers, in particular VWF, as prognostic marker
during steroids treatment. However, in the present study,
VWF:Ag remained independently associated with in-hospi-
tal mortality after adjustment for inflammatory biomarkers,
which supports the hypothesis of additional causes of VWF
secretion by ECs. Indeed, endothelium is emerging as a key
target organ of SARS-CoV-2 infection. Dissociation between
markers of activation, such as sE-sel, and VWF:Ag in criti-
cal and non-critical patients could reflect the overwhelming
synthesis and release of VWF in pulmonary vasculature due
to a combination of inflammation, direct viral destruction of
ECs, and also lung tissue hypoxia [27].

In order to deepen the characterization of VWF involve-
ment in COVID-19, we reported increased HMWM in
critical compared with non-critical patients. Following an
initial endothelial lesion caused by multiple factors, an
increase in HMWM of VWF could promote local micro-
thrombosis which itself promotes additional ECs lesion in
a vicious cycle. Indeed, under physiological conditions,
newly secreted VWF multimers are rapidly cleaved into
smaller, less reactive multimers by the metalloprotein-
ase ADAMTS13 during VWF secretion from ECs [28].
ADAMTS13 acquired deficiency also known as thrombotic
thrombocytopenic purpura (TTP), is a life-threatening con-
dition well known to induce an accumulation of large VWF
multimers which binds spontaneously to platelets, result-
ing in diffuse microthrombosis [29]. In a small case series,
Escher et al. reported normal ADAMTS13 activity in severe
COVID-19 patients [30], whereas Rovas et al. found a minor
decrease in ADAMTS13 in critically-ill patients but in no
way comparable to the nearly total deficiency associated
with TTP [31]. Taken together, our results suggest a massive
release of unprocessed VWF from activated ECs that may
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«Fig.2 Comparisons of von Willebrand factor multimers pattern in 40
critical and 37 non-critical COVID-19 patients. Datapoints indicate
individual measurements, whereas horizontal bars show mean with
standard deviation. P-value comes from the Mann—Whitney test for
comparison between the two groups. a Low molecular weight mul-
timers (LMWM) expressed as a percentage of total multimer (left
panel) or a ratio compared to healthy individuals’ pool of plasma
(right panel). b Intermediate molecular weight multimers IMWM)
expressed as a percentage of total multimers (left panel) or a ratio
compared to healthy individuals’ pool of plasma (right panel). ¢ High
molecular weight multimers (HMWM) expressed as a percentage of
total multimers (left panel) or a ratio compared with healthy individu-
als’ pool of plasma (right panel). d Curves showing Von Willebrand
factor multimers pattern analysed in densitometric analysis of one
critical COVID-19 patient, one non-critical COVID-19 patient and
one non-COVID-19 individual. HMWM are located at the right part
of each curves. (Refer to materials and methods for detailed multim-
ers classification)

overwhelm the enzymatic capacity of ADAMTS13 rather
than a true ADAMTS13 deficiency. In COVID-19, this link
between VWF and pulmonary microthrombosis requires
further confirmation. A way to highlight this link could be
measuring VWF:Ag at multiple time points during the hos-
pitalization of severe COVID-19 patients and evaluate its
correlation with advanced respiratory monitoring parameters
established to mirror the pulmonary microcirculation dys-
function such as pulmonary physiological dead space and its
sub-components airway dead-space and alveolar dead-space
[32, 33].

Regarding clinical practice, in light of our finding that
VWF:Ag levels at the time of COVID-19 patients’ aggrava-
tion (approximated in this study by hospitalization) might
predict in-hospital mortality, we recommend including sys-
tematic VWF:Ag measurement into the monitoring strategy
of all COVID-19 patients. In addition, it will be very impor-
tant to investigate VWF:Ag follow-up, which could provide
additional prognostic information both in the critical care
and in the non-critical care settings. This strategy should
be all the easier to set up, given that VWF:Ag is a common
analysis in hematology laboratory in most healthcare centers
worldwide [34].

Furthermore, establishing a well-validated VWF:Ag
cut-off could help in identifying patients who might benefit
the most from adjunction of antiplatelet therapies to stand-
ard of care. Indeed, VWF and, in particular, HMWM, is an
essential component in platelet aggregation. Manne et al.
and Hottz et al. both highlighted platelet hyperactivity in
COVID-19-associated pathophysiology [35, 36]. Aspirin
could present a way to hinder microthrombosis in COVID-
19 and therefore to stop the vicious cycle of endothelial
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s
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s
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< AUC = 0.92 95% CI[0.88-0.96]
n Se = 95.1% 95% CI[88.0-99.1]
NPV = 98.7% 95% CI[95.1-98.8]
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Fig.3 Receiver operating curves evaluating unadjusted von Wille-
brand factor antigen’s ability to predict in-hospital-mortality. The
diagonal black dotted segment is the reference line. AUC area under
the curve, Se sensitivity, NPV negative predictive value, CI confi-
dence interval

lesion described above. In the pre-COVID-19 era, several
single-center retrospective observational cohort stud-
ies assessed a possible association between pre-hospital
anti-platelet agent (the vast majority of which is aspirin)
therapy and mortality in sepsis or acute respiratory dis-
tress syndrome (ARDS). Patients admitted with commu-
nity-acquired pneumonia on anti-platelet therapy have a
lower admission rate to the ICU and shorter hospital stay
[37]. In a general population of ICU admissions, patients
with pre-admission antiplatelet therapy had a decreased
risk of developing ARDS [38, 39] and multi-organ fail-
ure [40]. Furthermore, in ICU patients with septic shock
or ARDS being treated with antiplatelet drugs, several
studies reported a reduction in mortality rate [41-43]. In
COVID-19, Chow et al. recently showed in a retrospective
observational cohort study of adult patients admitted with
COVID-19 that patients who received aspirin within 24 h
of admission or seven days prior to admission displayed
a decreased risk of MV, ICU admission and in-hospital
mortality with no differences in major bleeding or overt
thrombosis between aspirin users and aspirin non-users
[44]. Aspirin therefore appears to be a promising treatment
in COVID-19, although it should be further evaluated in
prospective clinical trials. Another attractive approach to
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Table 3 Unadjusted and
adjusted logistic regression

Logistic regression model with in-hospital mortality as the outcome

analyses of von Willebrand
factor antigen levels as a

Univariate analysis
OR (95% CI, p-value)

Multivariate analysis
OR (95% CI, p-value)

predictive factor for COVID-19

in-hospital mortality VWEF:Ag (%) <423
>423
Age (years)* <59
>59
BMI (kg/m?)* <25
>25
D-dimer (ng/ml)* <1377
>1377
CRP (mg/1)* <110
>110

25.6 (5.6-198.2, p<0.001)

2.5(1.2-5.2, p=0.013) 1.6 (0.5-4.9, p=0.41)

3.4 (1.6-8.2, p=0.004) 0.6 (0.1-2.2, p=0.42)

89.7 (25.9-567.4, p<0.001)

3.6 (0.8-26.1, p=0.13)

5.5 (2.1-17.2, p=0.001) 1.5 (0.4-5.8, p=0.53)

28.6 (8.5-179.1, p<0.001)

BMI body mass index, CRP C-reactive protein, VWF:Ag von Willebrand factor antigen

In the multivariate analysis the model was adjusted for age*, BMI (25 kg/m? as cut-off), p-dimer* and
CRP*. *Variables were dichotomized according to the median

1.00
0.75
X
2
o
© 0.50
=2 I \/\WF:Ag <423%
g I /\WF:Ag >423%
(7]

0.25

0 20 Time (days) 40

Fig.4 Survival curves according to von Willebrand factor antigen
concentration using a Kaplan—Meier estimator. Data are shown for
patients with low von Willebrand factor antigen (<423%) and high
von Willebrand factor antigen (>423%). Survival curves are com-
pared using the log-rank test

n aHR 95%CI  p-value
VWF:Ag >423% 74 9.46  1.99-44.9 0.005
Age >59 years 111 1.30  0.55-3.10 0.549
BMI >25 kg/m?* 124 052  0.20-1.40 0.163
D-dimer >1377 ng/mL 117 3.56 0.80-16.0 0.097
CRP >110 mg/L 96 0.79  0.28-2.20 0.659

Fig.5 Forest plot showing the Cox proportional hazards model for
von Willebrand factor antigen adjusted for age, body mass index,
D-dimer and C-reactive protein. Values are hazard ratios with 95%

@ Springer

hamper excessive VWF large multimers binding to plate-
lets and the ensuing microthrombosis could be the use
of novel TTP treatments caplacizumab [45] or anfibatide
[46], both of which inhibit the binding of platelets to the
VWEF at the GPIX-Ib receptor.

Limitation of our study include the absence of iterative
biomarker measurement over time to provide a more accu-
rate picture of endothelial dysfunction during COVID-19
evolution.

In conclusion, our study provides new insights con-
firming that COVID-19 is a microvascular disease, in
particular for critical forms of COVID-19. Inflammation
and SARS-CoV-2 activates and/or directly injure ECs. In
our cohort, circulating VWF levels were highly correlated
with clinical severity and were the best endothelial marker
to predict in-hospital mortality. Beyond its involvement
as a biomarker, VWF and HMWM as thrombosis actors

]
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;
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Adjusted Hazard Ratio 95% CI

confidence intervals. VWF:Ag von Willebrand factor antigen, BMI
body mass index, CRP C-reactive protein, aHR adjusted hazard ratio,
ClI confidence interval
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emphasize the link between microvascular thrombosis
and endothelial injury during COVID-19. Measurement
of VWF:Ag could therefore represent a quick, easy, and
non-invasive way to point out the most severe form of
COVID-19 but also assess treatments efficiency during
follow-up.
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