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ABSTRACT—Background: Endotheliopathy is a key element in COVID-19 pathophysiology, contributing to both morbidity
and mortality. Biomarkers distinguishing different COVID-19 phenotypes from sepsis syndrome remain poorly understood.
Objective: To characterize circulating biomarkers of endothelial damage in different COVID-19 clinical disease stages
compared with sepsis syndrome and normal volunteers. Methods: Patients with COVID-19 pneumonia (n=49) were
classified into moderate, severe, or critical (life-threatening) disease. Plasma samples were collected within 48 to 72h of
hospitalization to analyze endothelial activation markers, including soluble Vascular Cell Adhesion Molecule-1 (sVCAM-1),
von Willebrand Factor (VWF), A disintegrin-like and metalloprotease with thrombospondin type 1 motif no. 13 (ADAMTS-13)
activity, thrombomodulin (TM), and soluble TNF receptor | (sSTNFRI); heparan sulfate (HS) for endothelial glycocalyx
degradation; C5b9 deposits on endothelial cells in culture and soluble C5b9 for complement activation; circulating dsDNA for
neutrophil extracellular traps (NETs) presence, and a2-antiplasmin and PAI-1 as parameters of fibrinolysis. We compared
the level of each biomarker in all three COVID-19 groups and healthy donors as controls (n=45). Results in critically ill
CQOVID-19 patients were compared with other intensive care unit (ICU) patients with septic shock (SS, n=14), sepsis (S,
n=7), and noninfectious systemic inflammatory response syndrome (NI-SIRS, n=7). Results: All analyzed biomarkers
were increased in COVID-19 patients versus controls (P < 0.001), except for ADAMTS-13 activity that was normal in both
groups. The increased expression of sSVCAM-1, VWF, sTNFRI, and HS was related to COVID-19 disease severity (P < 0.05).
Several differences in these parameters were found between ICU groups: SS patients showed significantly higher levels of
VWEF, TM, sTNFRI, and NETS compared with critical COVID-19 patients and ADAMTS-13 activity was significantly loverin SS,
S, and NI-SIRS versus critical COVID-19 (P < 0.001). Furthermore, a2-antiplasmin activity was higher in critical COVID-19
versus NI-SIRS (P< 0.01) and SS (P < 0.001), whereas PAI-1 levels were significantly lower in COVID-19 patients compared
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with NI-SIRS, S, and SS patients (P < 0.01). Conclusions: COVID-19 patients present with increased circulating endothelial
stress products, complement activation, and fibrinolytic dysregulation, associated with disease severity. COVID-19 endotheli-
opathy differs from SS, in which endothelial damage is also a critical feature of pathobiology. These biomarkers could help to
stratify the severity of COVID-19 disease and may also provide information to guide specific therapeutic strategies to mitigate

endotheliopathy progression.
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infection of cells requires angiotensin-converting
enzyme 2 (ACE2), with viral entry occurring subsequent to
binding of primed viral spike proteins to ACE2 (1). ACE2 is
expressed by type II pneumocytes in the alveolus, enterocytes,
and also endothelial cells (1, 2). Infection with SARS-CoV-2
leads to the clinical disease COVID-19. Patients with labora-
tory-confirmed COVID-19 have a wide spectrum of clinical
disease severity, with three stages of disease progression (3):
stage I, an asymptomatic incubation period; stage II, presenta-
tion with mild to moderate symptoms, as a consequence of the
immune response against the virus; and stage III, when the
immune system has failed to contain the virus and a systemic
hyperinflammatory response predominates (4). Most severe
cases bear features of a cytokine release syndrome (CRS)
associated with pulmonary infiltrates and a rapid worsening
of respiratory failure, with marked elevation of acute phase
reactants. Although most COVID-19 patients are asymptomatic
or exhibit mild symptoms, those with advanced stages of
disease present with clinical and analytical signs of severe
endothelial injury (5), which may result from direct viral
infection of endothelial cells (6) and excessive systemic
immune cell activation induced by the virus (3).

Several pathways have been proposed to be responsible for
endothelial pathobiology in COVID-19. Innate and adaptive
immune activation, inflammation, loss of the protective barrier,
and angiogenesis are among the identified mechanisms that
lead to extensive thrombosis, decreased fibrinolysis, and end-
organ damage (5, 6). Rapid response to viral infection activates
innate immunity, in which the complement system plays a
major role. In cases of severe COVID-19 infection, there is
evidence of tissue damage consistent with microvascular injury
due to complement activation (7, 8). Development of endothe-
lial dysfunction provokes a shift from vascular equilibrium
toward increased vasoconstriction, with endotheliitis marked
by elevated cytokine production and release, which in turn
induces a profound hypercoagulable state characterized by
thrombosis and markedly impaired fibrinolysis (9, 10).

The endothelial glycocalyx plays a key role in the endothelial
function (11). The pathological loss of this surface layer
promotes a dysfunctional endothelial state and, consequently,
tissue or organ dysfunction. The endothelial surface layer is
enriched with glycosaminoglycans, of which heparan sulfate
(HS) is the most common. There are many viral pathogens that
utilize glycans for the initial interaction with host cells (11-14)
including SARS-CoV-2. Presence of HS in the bloodstream
likely serves as an indicator of endothelial barrier degradation
(15). Inflammatory effects on these damaged endothelial cells
propagate the release of acute phase reactants, such as von

Willebrand Factor (VWF), and the shedding of cell-surface
adhesion receptors into the circulation.

Endothelial dysfunction thus seems to be the underlying
pathophysiological event for severe COVID-19 complications.
The endothelium is also similarly profoundly injured in septic
patients and in those with other infectious and inflammatory
syndromes (16, 17). Features of the endotheliopathy recognized
in COVID-19 have not yet been compared with those in other
septic syndromes. Furthermore, markers of endothelial damage
may constitute strong indicators of progression and severity in
these different clinical contexts. The aim of the present study
was to identify and validate biological markers of endothelial
damage, complement and innate-immune system activation,
and hemostatic alterations in COVID-19 patients with different
clinical phenotypes, while comparing their respective profiles
with those observed in other septic syndromes.

We hypothesized that circulating biomarkers of endothelial
damage are increased in association with the severity of
COVID-19 disease and that endothelial dysfunction observed
in COVID-19 is different from the observed in sepsis and
noninfectious inflammatory syndromes.

PATIENTS AND METHODS

Study population and sample collection

Adult patients hospitalized at a University Hospital with confirmed COVID-
19 pneumonia (positive polymerase chain reaction (PCR) on nasopharyngeal
swab samples and typical radiological chest imaging) were prospectively
included between May 1 and May 31, 2020. Patients were classified into:
moderate disease, with fever and respiratory symptoms with radiological
findings of pneumonia; severe disease, with any of the following criteria:
respiratory rate>30 breaths/min, oxygen saturation < 93% at room air or PaO,/
FiO,<300mmHg; critical disease, with respiratory failure and requiring
mechanical ventilation, shock or with other organ failure that requires intensive
care unit (ICU) admission (18). The sample size was calculated based on
previous studies of endothelial dysfunction in sepsis made by our group and that
were enough to show differences (19).

Results in all COVID-19 patients were compared with those obtained in
healthy donors (n=45), and critically ill COVID-19 patients were compared to
other critically ill patients admitted to the ICU due to sepsis (S), septic shock (SS)
(20) or with noninfectious systemic inflammatory response syndrome (NI-SIRS).

Furthermore, non-ICU patients were classified into two different groups
based on clinical, radiological, and analytical early evolution (during the first
3days of admission) after blood collection: worsening group (WG), with
increased oxygen requirements, progression of radiological pulmonary infil-
trates, and/or increased inflammation biomarkers (defined as an increase in C-
reactive protein (CRP) and/or ferritin levels above twice the baseline levels) for
which immunomodulatory treatment was administered; non-worsening group
(NWG) with favorable outcome and response to standard therapy.

Patients’ characteristics, laboratory studies, and clinical outcomes were
prospectively documented. Citrated blood samples were collected within the
first 48 to 72h of admission, centrifuged for plasma, aliquoted and stored at
—40°C until used.

Study design

Endothelial damage was evaluated by measuring in plasma: sVCAM-1,
VWE, ADAMTS-13 activity, thrombomodulin (TM), and soluble TNF receptor
I (sTNFRI); HS levels, for endothelial glycocalyx degradation; C5b9 deposits
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on endothelial cells in culture, and soluble C5b9, for complement activation;
presence of circulating dsSDNA to measure neutrophil extracellular traps (NETs)
presence; and a2-antiplasmin and PAI-1 to evaluate fibrinolysis (12, 21-24).

Markers of endothelial activation, glycocalyx degradation,
and fibrinolysis

Plasma levels of VCAM-1 (R&D Systems, Minn), sTNFRI (Biomatik
Corporation, Del), TM (Biomatik Corporation, Minn), HS (AttendBio
Research, Spain), sC5b9 (Quidel, Calif), and PAI-1 antigen (Imubind, Toronto,
Canada) were measured by ELISA. VWF antigen (VWF:Ag),VWF activity
(VWF:GPIbM), and a2-Antiplasmin were evaluated in Atellica 360 (COAG,
Siemens Healthineers, Germany). For ADAMTS-13 activity, fluorescence
resonance energy transfer was applied (Fluoroskan Ascent FL; Thermolab
Systems, Mass) (25). Deposits of C5b9 complex were measured as the area
covered by C5b9 deposits expressed as average fold increases (mean =+ standard
error) of each condition versus control (23). Circulating dsDNA was quantified
using Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Thermo Fisher,
Mass).

Statistical analysis

Results are expressed as median and interquartile range for quantitative
variables and as absolute count and percentages for qualitative variables.
Statistical analysis was performed with nonparametric tests: comparison
between two independent groups was performed using Mann—Whitney U test
and Kruskal—Wallis one-way analysis was used for more than two independent
samples, using SPSS statistical software (version 18.0.0; SPSS Inc, Chicago,
III). Statistical significance considered when P < 0.05.

Study approval

Study approved by the local Ethics Committee (HCB/2020/0401) and
conformed to the ethical guidelines of the Helsinki Declaration. Participants,
or relatives, provided informed written consent before sample collection.

RESULTS

Patient characteristics

The descriptive characteristics of the patients with COVID-
19 are summarized in Table 1. The clinical features were
compared among the different groups of clinical severity.

EnxporHELIOPATHY IN COVID-19 VERSUS SEPTIC SYNDROMES Q7

Hypertension was the most frequent comorbidity in all groups,
especially in critically ill patients. Median days of symptoms
before admission were similar among the different groups.
Patients who needed oxygen supplementation (severe and
critical disease) had increased inflammatory biomarkers such
as CRP, ferritin, and D-dimer compared with those without
oxygen requirements (moderate disease). Critical patients had
also longer duration of hospital stay (LOS), but remarkably
only one patient with COVID-19 who was admitted to the
medical ICU died. Thirty-six (74%) patients were on prophy-
lactic-dose anticoagulation; seven (14%) on intermediate-dose
anticoagulation (enoxaparin 1 mg/kg once daily), and four
(8%) on full-dose anticoagulation with two (4%) patients
not anticoagulated in any way. All critical patients received
immunomodulatory treatment with corticosteroids and other
agents described in detail below: eight patients (80%) had
already received therapy 24 to 72h before blood sample
collection and two patients (20%) the same day after blood
sample collection.

Among non-ICU COVID-19 patients, 12 patients were clas-
sified in the WG (worsening group) because they presented
with increased oxygen requirements (58%); progression of
radiological pulmonary infiltrates (58%), and/or increased
biomarkers of inflammation (66%). These patients each
received corticosteroids (67%), tocilizumab (42%), anakinra
(17%), siltuximab (8%), or more than one of these treatments
(24%) as part of their immunomodulatory therapy. The char-
acteristics of these patients at the time of blood sample collec-
tion were compared with patients in the NWG (non-worsening
group) (n=27) (Table 2). Patients in the WG were older and
presented with a greater hospital LOS, but there were no
significant differences regarding sex, days of symptoms,
comorbidities or inflammatory biomarkers at admission.

TasLe 1. Clinical characteristics of patients with COVID-19

Moderate disease

Severe disease

Critical disease

Overall n=49 n=24 (49%) n=15 (31%) n=10 (20%)

Male, n (%) 26 (53%) 10 (42%) 9 (60%) 7 (70%)
Age (years) 61 (49-74) 53 (43-71) 68 (48-78) 66 (52—-75)
Comorbidities

Hypertension 20 (41%) 6 (25%) 7 (47%) 7 (70%)

Diabetes 12 (24.5%) 6 (25%) 4 (27%) 2 (20%)

Pneumopathy 5 (10%) 0 2 (13%) 3 (30%)

Heart disease 9 (18%) 4 (17%) 2 (13%) 3 (30%)

Active malignancy 1(2%) 0 1 (7%) 0

Other immunosuppression 3 (6%) 0 1 (7%) 2 (20%)
Chronic kidney disease 4 (8%) 1 (4%) 1 (7%) 2 (20%)
CRP (mg/dL) 5 (3-9) 4 (2-6) 6 (4-9) 14 (4-24)"

Ferritin (ng/mL)
D-dimer (ng/mL)

558 (268—1,026)
600 (400-1,150)

278 (180-632)
500 (400-775)

636 (422—1,230)"
800 (500—1,800)"

988 (562—1,436)"
1,050 (400—4,050)"

Acute Kidney Injury 2 (4%) 0 0 2 (20%)
Immunomodulatory therapy 22 (45%) 6 (25%) 6 (40%) 10 (100%)"T
Hospital length of stay (days) 9 (4-15) 6 (3—14) 9 (4-11) 20 (12-33)"T
Days of symptoms 7 (5-10) 6,5 (4-9) 7 (5-13) 6,5 (5-9)
28-day mortality 1 (2%) 0 0 1 (10%)

Data are expressed as median (interquartile range) or absolute count (percentage).
"P<0.05 compared with moderate disease group.
TP <0.05 compared with severe disease group.

CRP indicates C-reactive protein.
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TasLE 2. Comparison between worsening and not worsening non-ICU COVID-19 patients
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WG n=12 (31%) NWG n=27 (69%) P value

Male, n (%) 8 (67%) 11 (41%) P=0.21
Age (years) 71 (60-79) 52 (42-72) P=0.01
Comorbidities

Hypertension 6 (50%) 7 (26%) P=0.24

Diabetes 5 (42%) 5 (19%) P=0.26

Pneumopathy 0 2 (7%) P=0.73

Heart disease 4 (33%) 2 (7%) P=0.21

Active malignancy 1 (8%) 0 P=0.68

Other immunosuppression 0 1 (4%) P=0.87

Chronic kidney disease 1 (8%) 1 (4%) P=0.82
CRP (mg/dL) 5.3 (4-8) 4.5 (2-7,6) P=0.42
Ferritin 632 (292—-1,451) 431 (180-636) P =0.09
D-dimer 650 (400—-1,025) 500 (400—-1,100) P =0.84
Hospital length of stay (days) 11 (8-22) 6 (3—-10) P =0.001
Days of symptoms 6 (4—10) 8 (6—11) P =0.22
Supplemental oxygen 6 (50%) 9 (33%) P=0.42
Causes of worsening

Increased oxygen requirements 7 (58%)

Progression of radiological pulmonary infiltrates 7 (58%)

Increased inflammation biomarkers” 8 (66%)
Immunomodulatory treatment

Corticosteroids 8 (67%)

Tocilizumab 5 (42%)

Anakinra 2 (17%)

Siltuximab 1 (8%)

More than 1 treatment 3 (24%)

Data are expressed as median (interquartile range) or absolute count (percentage).
"Defined as increased CRP and/or ferritin levels above twice the baseline levels.
CRP indicates C-reactive protein; NWG, non-worsening group; WG, worsening group.

To compare the subset of critically ill COVID-19 patients
with other critical inflammatory syndromes, we included
patients with NI-SIRS, S and SS admitted to the ICU. Clinical
characteristics of the different groups are shown in Table 3.
There were no significant differences regarding sex or age.
APACHE-II and SOFA 1I scores, as well as CRP levels were
higher in patients with SS, compared with critical COVID-19
patients. ICU as well as hospital LOS were similar between
patients with SS and critical COVID-19 disease but longer than
in NI-SIRS and S patients. There were no deaths among
patients with NI-SIRS and S, and similarly there were no
differences between invasive mechanical ventilation and renal
replacement therapy.

Circulating biomarkers in COVID-19 patients: comparative
analysis depending on disease severity and early
evolution

All circulating biomarkers of endothelial injury were signif-
icantly increased in all groups of patients with COVID-19 in
comparison with healthy donors, with the unique exception of
ADAMTS-13 activity that was in the normal range in all
COVID-19 patients (median activity above 70%) (Fig. 1).
Furthermore, a progressive increase in the levels of biomarkers
of endothelial damage was observed in association with
COVID-19 severity. There was a significant elevation of
sVCAM-1 levels among de different groups (P <0.01, for
all). Also, plasma VWF antigen and VWF activity levels
showed a strong association with COVID-19 clinical severity,
with the differences among all groups proving statistically

significant. Circulating HS levels were also associated with
the severity of COVID-19, with significant differences between
severe and moderate disease (P < 0.05), as well as between the
critical and severe disease groups (P < 0.001).

A progressive increase in C5b9 deposits on endothelial cells
was also shown in association with COVID-19 severity, with
significant differences between critical and moderate disease
noted (P <0.05) (Fig. 1). In Figure 2, micrographs show
representative images of C5b9 deposits on endothelial cells
in culture exposed to plasma samples from healthy donors
(Control); a patient with critical COVID-19 and a patient
with SS.

Interestingly, PAI-1 antigen levels were elevated but found to
be lower in patients with critical disease compared to patients
with moderate or severe disease (P < 0.05) (Figure 1). Con-
versely, plasma sC5b9, NETs, TM, and a2-antiplasmin activity
did not differ significantly among the different severity groups
(Figure 1).

When comparing levels of biomarkers between COVID-19
patients in the early stages of the disease and as they evolved,
we found statistically significant differences in HS and
sVCAM-1 levels, which were significantly higher in the WG
(Fig. 3).

Comparative analysis of circulating biomarkers in COVID-
19 and septic and inflammatory syndromes admitted to
the ICU

A distinctive pattern of biomarkers was observed between
COVID-19 and SS patients (Fig. 4). Plasma VWF antigen, TM,
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TasLE 3. Clinical characteristics of patients with critical COVID-19 disease, NI-SIRS, sepsis, and septic shock

Critical COVID-19 n=10 NI-SIRS n=7 Sepsis n=7 Septic shock n=14
Male, n (%) 7 (70%) 4 (57%) 5 (71%) 8 (57%)
Age (years) 66 (52—75) 54 (46-59) 68 (56-75) 60 (48-72)
Comorbidities
Hypertension 7 (70%) 2 (29%) 4 (57%) 6 (43%)
Diabetes 2 (20%) 1 (14%) 2 (29%) 3 (21%)
Pneumopathy 3 (30%) 0 0 0
Heart disease 3 (30%) 1 (14%) 1 (14%) 1 (7%)
Active malignancy 0 0 0 0
Other immunosuppression 2 (20%) 0 1 (14%) 0
Chronic kidney disease 2 (20%) 0 0 0
Primary diagnoses
Infection source 0
Urinary 2 (29%) 3 (22%)
Pulmonary 3 (43%) 5 (71%) 3 (22%)
Soft tissues 1 (14%) 0 3 (22%)
Endovascular 2 (29%) 0 2 (14%)
Central Nervous System 1 (14%) 0 2 (14%)
Abdominal 0 1 (7%
Cardiac surgery 0 0
Pulmonary surgery 0 0
Cardiovascular disease 0 0
Pulmonary Thromboembolism 0 0
APACHE Il score 14 (8-16) 10 (9-20) 15 (12-25) 21 (14—25)*
SOFA Il score 4 (3-6) 6 (5-12) 7 (6-8)" 11 (9-14)F
CRP (mg/dL) 14 (4-24) 6 (2,5-13) 23 (3-30) 28 (22—34)*
Platelet count (10%L) 244 (187-302) 132 (115-214) 255 (171-280) 153 (65—196)"
ICU length of stay (days) 14 (6-34) 4 (2—7)* 3 @2-7)" 10 (4-16)
Hospital length of stay (days) 20 (12-33) 11 (7—14)* 10 (8-17)" 18 (13-54)
28-day mortality 1 (10%) 0 0 5 (36%)
Invasive Mechanical ventilation 3 (30%) 5 (57%) 1 (14%) 6 (43%)
Renal replacement therapy 3 (30%) 1 (14%) 1 (14%) 3 (21%)

Data are expressed as median (interquartile range) or absolute count (percentage).

"P<0.05 compared with critical COVID-19 group.
TP <0.01 compared with critical COVID-19 group.

APACHE indicates Acute Physiology and Chronic Health Evaluation; CRF, C-reactive protein; ICU, intensive care unit; NI-SIRS, noninfectious systemic
inflammatory response syndrome; SOFA, Sequential Organ Failure Assessment.

and sSTNFRI were increased in SS compared with patients with
critical COVID-19 (P <0.05, P <0.001 and <0.05 respec-
tively). TM levels were higher in all groups with respect to
critical COVID-19 (P <0.01) (Fig. 5). In contrast with the
normal values observed in COVID-19 patients, ADAMTS-13
activity was significantly lower in SS, S, and NI-SIRS
(P <0.001 in all) (Fig. 5).

There were no significant differences regarding VWF activ-
ity, sVCAM-1, and HS levels between critical COVID-19 and
SS patients (Fig. 4).

In terms of complement activation, there were no differences
between the respective ICU patients regarding sC5b9 levels.
C5b9 deposits on endothelial cells showed a tendency to be
increased when using SS samples versus COVID-19 patients
(Fig. 2), though differences between both groups showed no
statistical significance. NETs were significantly more elevated
in SS patients than in critical COVID-19 (P < 0.05) (Fig. 4).

With regards to the fibrinolytic system, a2-antiplasmin
activity was notably higher in patients with critical COVID-
19 in comparison with SS and NI-SIRS patients (P < 0.001).
Conversely, PAI-1 levels were elevated but significantly
decreased in COVID-19 patients compared with the markedly

higher levels seen in NI-SIRS, S, and SS patients (P < 0.001 in
all).

Biomarkers levels from all patients are reported in the
Supplementary table, http://links.lww.com/SHK/B338.

DISCUSSION

Biomarkers of three different biological processes associated
with COVID-19 endotheliopathy, potentially involved in the
extreme thrombotic morbidity and consequent mortality, have
been evaluated in the present study: endothelial damage,
complement activation, and fibrinolytic dysregulation. To
our knowledge, this is the first study comparing biomarkers
in COVID-19 with those obtained in other infectious or severe
inflammatory syndromes. Our results demonstrate the presence
of high levels of circulating endothelial stress products, gly-
cocalyx degradation, marked activation of the complement
system terminal pathway, and alteration of the molecules
involved in the fibrinolysis process in COVID-19 patients. A
biomarkers profile has been identified in COVID-19 patients
with clear association with disease severity and exhibiting a
distinctive pattern from the observed in septic syndromes.
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Evaluation of potential markers of endothelial damage in
COVID-19 patients showed that sSVCAM-1, VWF, antigen and
activity, TM and sTNFRI were elevated in COVID-19 patients
versus healthy donors, progressively in association with disease
severity. Higher levels of soluble VCAM-1, which participates
in leukocyte recruitment to activated endothelial cells, and TM,
with anticoagulant activity once thrombin-TM complexes form
after coagulation activation, were consistently found in
COVID-19 patients, as previously published. Of note, recent
work postulates TM as a reliable predictor of mortality in

Control

Critical COVID-19

COVID-19 patients (26, 27). From our results, both proteins
emerge as potential prognostic tools to identify patients with
worse early clinical evolution and provide direction for early
therapeutic intervention. As for VWF, an acute phase reactant
in conditions of systemic stress (28, 29), despite being elevated
in all COVID-19 cases (27), and in contrast with recent
publications (30), the activity of its metalloprotease
ADAMTS-13 was consistently normal in our patients cohort.

The biomarkers of the COVID-19 endotheliopathy found
here clearly follow a distinctive pattern with respect to other

Septic shock

Fia. 2. Complement C5b9 deposits on endothelial cells in culture. Representative micrographs showing deposits of C5b9 on human microvascular
endothelial cells (HMEC-1) after exposure to plasma samples from healthy donors (Control), a critical COVID-19 patient and a patient with septic shock. C5b9
deposits were detected by using a specific primary antibody followed by a secondary antibody conjugated with Alexa594 (red). Cell nuclei were stained with DAPI

(blue). Each field encloses 75,922 um? of cell culture preparation.
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systemic septic and inflammatory syndromes. Patients with
septic syndromes exhibit endothelial damage, glycocalyx deg-
radation, and impaired fibrinolytic activity (31) together with
strong inflammatory responses triggered by pathogens and the
host immune system (16, 32). Comparative analysis between
COVID-19 and septic syndromes indicated a different behavior.
While sVCAM-1 levels were more elevated in critically ill
COVID-19, TM and VWF levels were clearly higher in septic
syndromes together with significantly reduced ADAMTS-13
activity (33, 34). Diminished presence of ADAMTS-13, as
observed in SS, may result in insufficient cleavage of ultra-
large VWF multimers, which are more reactive to platelets.
Normal ADAMTS-13 activity is of particular interest in the
characterization of COVID-19, as the associated thrombotic
complications have distinct characteristics from disseminated
intravascular coagulation (DIC), observed in sepsis (35, 36),
and in other thrombotic microangiopathies (37). Regarding
TM, lower levels in COVID-19 may confer reduced anticoag-
ulant activity, likely contributing to the associated prothrom-
botic state.

Circulating HS was measured to evaluate endothelial gly-
cocalyx degradation. In the MYSTIC study, severe alterations
of the microcirculation and the endothelial glycocalyx in
patients with COVID-19 were related to disease severity
(38). HS seems crucial for the binding of SARS-CoV-2 to
the cell membrane (39). Our present findings validate HS as a

marker of COVID-19 severity and, similarly to sVCAM-1, HS
may be a valuable prediction marker for worse clinical out-
comes. Although HS levels were extremely high in some SS
patients, differences with those in COVID-19 patients were not
statistically significant. In relation to complement activation,
responsible for endothelial damage in several microangiopa-
thies (23) we found increased levels of sC5b9 in all COVID-19
patients with respect to healthy donors but did not differ from
SS patients. Interestingly, C5b9 deposits on endothelial cells
were higher when using samples from SS patients than COVID-
19 patients.

Neutrophil extracellular traps (NETs) are elevated in septic
and inflammatory syndromes in correlation with clinical sever-
ity and in association with thrombotic morbidity (40-42). In
our study, we found higher levels of NETs in COVID-19
patients than in controls, but no significant differences among
COVID-19 severity groups or between critically ill COVID-19
patients and other groups were observed.

Fibrinolysis alteration has been hypothesized as one of the
causes of persistent thrombosis and vasculopathy in COVID-19
patients, with a hypofibrinolytic state predominating over
coagulation hyperactivation (43, 44). Protein a2-antiplasmin
inhibits plasmin proteolytic activity against fibrin through
inactive plasmin—antiplasmin complexes. To our knowledge,
o2-antiplasmin levels have been reported to be normal in
COVID-19 patients (27). PAI-1 is a serpin secreted by
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endothelial cells that inhibits plasminogen activator. Elevations
in PAI-1 levels have been observed in a large cohort of patients
with non-COVID-19 acute respiratory distress syndrome with
prognostic implications (44) as well as in SS patients (45). The
evidence in COVID-19, however, is contradictory to date.
Wang et al. (46) observed higher PAI-1 levels in patients with
poorer clinical outcomes. Other groups have not found differ-
ences between critical and non-critical COVID-19 patients
(27). In our study, both a2-antiplasmin and PAI-1 were higher
in COVID-19 patients than in controls, without association with
disease severity. Notably, a2-antiplasmin was significantly
higher in COVID-19 patients than in NI-SIRS, sepsis, and
even SS patients. Thus, evaluation of a2-antiplasmin levels
together with ADAMTS-13 and sVCAM-1 may allow clear
differentiation between the endotheliopathy occurring in
COVID-19 and SS. While PAI-1 was relatively elevated in
moderate and severe COVID-19, it was reduced in critically ill
patients in comparison with levels in NI-SIRS and SS. It is
worth noting the wide range of PAI-1 normal values (44, 45) in
COVID-19 patients, which were higher on average than in
controls but within a normal range in a high percentage of
patients, limiting the strength of PAI-1 as a COVID-19-
specific biomarker.

Several treatments have been proposed to reduce inflamma-
tory and thrombotic complications in COVID-19 patients.
Prophylactic doses of low molecular weight heparins have
reduced mortality amongst high-risk patients (47, 48). Most

of the patients included in our study were receiving heparin and,
since heparin may protect the endothelium, levels of biomark-
ers could be even higher in its absence. Specifically, elevations
in heparanase in COVID-19 may be partially neutralized by
heparin. Nonetheless, the results reinforce the fact that endo-
thelial damage and disordered fibrinolysis are crucial in the
pathophysiology of COVID-19 severe complications and endo-
thelial protection should be foreseen as a key strategy to prevent
them (49). In this regard, there is currently a phase IIb random-
ized, double-blind, placebo-controlled clinical trial to evaluate
the effect of defibrotide to treat the respiratory distress and CRS
in COVID-19 patients (50). Defibrotide is a first-in-class
oligonucleotide drug approved for the treatment of sinusoidal
obstructive syndrome, a complication of hematopoietic stem
cell transplantation underpinned by endothelial injury (51, 52),
and also prevents endothelial damage in graft-versus-host
disease (53), making it especially attractive as a therapeutic
approach in this setting. Moreover, monoclonal antibodies to
complement CS5 protein, eculizumab, and ravulizumab are also
being explored in COVID-19 patients (54—-57). Also, another
phase 2 study is currently evaluating a variety of fibrinolytic
agents in these patients (58).

The biomarkers identified here for COVID-19 endotheliop-
athy clearly associate with clinical severity and exhibit a
distinctive pattern from other septic and severe inflammatory
syndromes.  Specifically, sVCAM-1, «-2-antiplasmin,
ADAMTS-13 activity, and PAI-1 behaved distinctly in
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critically ill COVID-19 patients as compared with other groups.
The combination of these biomarkers could help to stratify the
degree of endothelial dysfunction and coagulopathy in patients
with critical COVID-19 disease and differentiate them from
other severe inflammatory conditions (infectious and noninfec-
tious) in the ICU. They could also provide information to guide
specific therapeutic intervention. Elevations of sVCAM-1 and
HS appear to be prognostic, since they were higher in patients
with clinical worsening requiring immunosuppressive treat-
ment. Further studies are warranted to validate these biomark-
ers as predictive tools and should be integrated into prospective
studies.

The current study presents several limitations. A low number
of patients has been included, especially for critically ill
COVID-19 patients, sepsis, and NI-SIRS. In addition, endo-
theliopathy biomarkers have been measured only at a single
time point in the first 72h of admission and therefore the
evolution of these biomarkers over time has not been evaluated.
Further studies assessing serial sampling will help to under-
stand mechanistic insights of the endotheliopathy in COVID-
19. Moreover, most of the critically ill COVID-19 patients had
already received an immunomodulatory treatment when blood
samples were collected, mainly corticosteroids and/or tocili-
zumab. This happened due to the severity of the disease and,
although time between the intervention and sample obtention
was short (less than 36 h), we do not know the impact of these

treatments on endothelial damage biomarkers measurements.
Lastly, this is a single-center study, which may limit the
generalizability of its results.
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