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Abstract

Endotheliopathy plays a role in the development of acute kidney and lung injury in COVID-19, probably due to inflam-
mation, endothelial permeability, vascular leakage and edema formation. This study examined alterations in the circu-
lation of patients with mild and severe COVID-19 on in vitro endothelial permeability and its relation to the endothe-
lial angiopoietin/Tie2 system, which is involved in the regulation of endothelial permeability. Plasma was obtained
from COVID-19 patients admitted to the ward (n=14) or ICU (n=20) at admission and after 1 and 2 weeks and healthy
controls (n=5). Human kidney and lung endothelial cells were exposed to patient plasma and treated with recombi-
nant angiopoietin-1. In vitro endothelial barrier function was assessed using electric cell-substrate impedance sens-
ing. Circulating markers of the angiopoietin/Tie2 system, endothelial dysfunction and glycocalyx degradation were
measured by ELISA. Plasma from COVID-19 patients reduced endothelial resistance compared to healthy controls,

but COVID-19 plasma-induced drop in endothelial resistance did not differ between ward and ICU patients. Circulat-
ing angiopoietin-2, soluble Tie2 and soluble Tiel levels increased over time in ICU patients, whereas levels remained
stable in ward patients. The increase in angiopoietin-2 was able to predict 90-day mortality (AUC=0.914, p <0.001).
Treatment with recombinant angiopoietin-1 did not restore COVID-19 plasma-induced hyperpermeability. In con-
clusion, these results suggest that indirect effects of the virus represented in the circulation of COVID-19 patients
induced endothelial hyperpermeability irrespective of disease severity and changes in the endothelial angiopoietin/
Tie2 system. Nonetheless, angiopoietin-2 might be of interest in the context of organ injury and patient outcome

in COVID-19.
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1 Introduction

Endotheliopathy plays a role in the pathophysiology of
Coronavirus disease 2019 (COVID-19) [1]. Common
complications of COVID-19 are acute kidney injury
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dysfunction [5]. Accumulating evidence indicates that
SARS-CoV-2 has adverse effects on the endothelium,
such as endothelial inflammation, endothelial hyper-
permeability, promoting a pro-coagulative state and
leukocyte infiltration [6]. Consequently, endothelial
dysfunction is considered to contribute to the develop-
ment of AKI and ARDS [2, 4, 7, 8].

The SARS-CoV-2 virus enters cells via the bind-
ing of its spike glycoprotein to angiotensin-converting
enzyme 2 (ACE2) [9]. ACE2 is not only very abundant
in the lungs, but is also expressed by endothelial cells
making it possible for the virus to alter endothelial
function directly [10-12]. It is shown that the virus is
present in the cell membrane of pulmonary [13] and
renal endothelial cells [11] in patients who died from
COVID-19. However, knowledge on the additional
indirect pathophysiological effects of the virus on
endothelial cells in COVID-19 patients is still sparse.

Most of our understanding concerning endothelial
dysfunction in COVID-19 patients is derived from the
evaluation of circulating markers involved in endothe-
lial activation, permeability and injury [6, 14, 15].
Recently, it is shown that plasma from COVID-19
patients induced in vitro endothelial hyperpermeability
compared to plasma from healthy controls [16], sug-
gesting that the SARS-CoV-2 virus alters the plasma
fingerprint from COVID-19 patients. It is, however,
unknown whether these alterations are dependent of
disease severity and what might cause these alterations
in endothelial permeability.

Barrier function of the endothelial monolayer is regu-
lated by cell—cell and cell-matrix adhesion and differ-
ent types of junctional complexes keeping endothelial
cells together. An important regulator of endothelial
barrier function is the endothelial angiopoietin/Tie2
system [17]. The tyrosine kinase receptor Tie2 is pri-
marily expressed by and located on endothelial cells.
The activity of Tie2 is regulated by its ligands, angi-
opoietin-1 and -2. During quiescence, angiopoietin-1 is
released from pericytes and functions as a Tie2 agonist.
Angiopoietin-1 can phosphorylate and thereby activate
Tie2, leading to a well-maintained endothelial barrier.
Angiopoietin-2 is a context-dependent antagonist or
partial agonist of Tie2. During pathological conditions,
angiopoietin-2 is highly released from the Weibel-Pal-
ade bodies and antagonistically binds to the Tie2 recep-
tor thus preventing phosphorylation. Consequently,
downstream Tie2 signaling is deactivated and cell—cell
junctions are weakened, thereby inducing endothelial
hyperpermeability and vascular leakage [17, 18]. Dis-
turbances in the endothelial angiopoietin/Tie2 system
might therefore contribute to organ injury during criti-
cal illness. [18, 19]

In COVID-19 patients, increased levels of angiopoi-
etin-2 have been linked to disease severity and are sug-
gested to predict ICU admission and mortality [20-22].
Additionally, we have previously shown that increased
circulating levels of angiopoietin-2 are associated with
plasma-induced endothelial hyperpermeability in other
critically ill patients [23]. Moreover, higher levels of angi-
opoietin-2 are reported in patients who developed AKI
after cardiac surgery compared to patients who did not
develop AKI [24]. In ARDS patients, increased angiopoi-
etin-2 levels were associated with increased mortality risk
[25]. Interestingly, we have previously shown that phar-
macologically targeting the endothelial angiopoietin/Tie2
system reduced vascular leakage and improved microcir-
culatory perfusion in animal models of critical illness [26,
27]. This suggests the involvement of angiopoietin-2/Tie2
in the development of AKI and ARDS in COVID-19.

Hence, the aim of this study was to examine the effect
of changes in the circulation of COVID-19 patients with
mild and severe symptomatology on renal and pulmo-
nary in vitro endothelial permeability. In addition, we
assessed changes in endothelial permeability over time
and whether in vitro endothelial barrier function is
related to alterations in the endothelial angiopoietin/Tie2
system.

2 Materials and Methods

2.1 Patient Samples

Plasma samples from adult patients with confirmed
SARS-CoV-2 infection by PCR were collected in the
Amsterdam UMC COVID Biobank. The Amsterdam
UMC COVID Biobank contains plasma samples from
a large prospective cohort of all confirmed COVID-19
patients admitted to the Amsterdam UMC. The institu-
tional review board and the biobank ethics committee of
the Amsterdam UMC approved the biobank study proto-
col (protocol number 2020_182).

The present study cohort included 34 consecutive
patients who were diagnosed with COVID-19 between
March 2020 and May 2020. They were divided into two
groups: patients with mild symptoms who were hospital-
ized in medical conventional wards (n=14) and patients
with severe symptoms who were admitted to the ICU
(n=20). Patients admitted to the ICU were depending on
invasive mechanical ventilation and intensive monitoring
and were therefore classified as severely ill. Plasma from
5 healthy volunteers was included as control.

Patients at the ICU were sampled at admission and,
during week 1 and week 2 of ICU admission, whereas
patients at the ward were only sampled at admission
and during week 1 (Fig. 1). Blood was collected in citrate
tubes and immediately centrifuged at 4.000G for 10 min
at 4 °C. Plasma supernatant was centrifuged for another
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Fig. 1 Study design Patients were sampled three times during hospital admission; at admission, during week 1 and week 2*. Blood samples were
centrifuged and plasma samples were stored at — 80 °C. In the current study, ECIS and ELISA were performed with the obtained plasma samples.

*only if patients were not discharged before week 2

5 min at 12.000G at 4 °C to obtain platelet-free plasma
and stored at — 80 °C.

2.2 Study Definitions

Patient demographics and clinical outcome parameters
were obtained from electronic medical records. ARDS
was assessed according to the Berlin criteria [28]. AKI
was defined as an absolute increase in serum creatinine
of >26.5 pmol/L within 48 h, an increase in serum cre-
atinine of >50% compared to baseline, or urine out-
put of <0.5 mL/kg/h for>6 h based on the 2012 Kidney
Disease Improving Global Outcomes (KDIGO) Clinical
Practice Guideline [29]. Mortality was defined as 90-day
mortality either in-hospital or after discharge.

2.3 Renal Endothelial Cells

Human primary kidney glomerular endothelial cells were
obtained from Cell Biologics (H-6014G, Cell Biologics
Company, Chicago, United States). Cells were cultured
on gelatin-coated T25 flasks in complete medium in an
atmosphere of 95% air and 5% CO, at 37 °C.

Complete medium consisted of basal medium H1168
supplemented with endothelial cell medium supple-
mental kit (1168-Kit, Cell Biologics Company, Chicago,
United States) containing fetal bovine serum, endothelial
cell supplement, L-glutamine, antibiotic and antimycotic
supplement, hydrocortisone, fibroblast growth factor,
epidermal growth factor, heparin and vascular endothe-
lial growth factor.

2.4 Pulmonary Endothelial Cells

Human pulmonary microvascular endothelial cells
were obtained from Lonza (HMVEC-L, CC-2527,
Lonza Group, Basel, Switzerland). Cells were cultured
on gelatin-coated T25 flasks in complete medium in an
atmosphere of 95% air and 5% CO, at 37 °C. Complete
medium for pulmonary endothelial cells (EGMTM-2

MYV, Lonza Group, Basel, Switzerland) consisted of basal
endothelial cell medium supplemented with fetal bovine
serum, ascorbic acid, antibiotic and antimycotic supple-
ment, hydrocortisone, fibroblast growth factor, epider-
mal growth factor, insulin-like growth factor, vascular
endothelial growth factor.

2.5 Electric-Cell Substrate Impedance Sensing

Electric cell-substrate impedance sensing (ECIS; Applied
BioPhysics, Troy, NY, USA) was used to measure resist-
ance of endothelial cells as previously described [23,
30-32]. Passage five and six human endothelial cells were
transferred to gelatin-coated 96-wells ECIS culture plates
(Applied BioPhysics, Troy, NY, United States) pre-treated
with 10 mM L-cysteine (Merck, Darmstadt, Germany)
and gelatin. The ECIS device was used for continuous,
single frequency scanning to confirm a confluent mon-
olayer. After reaching a steady state in impedance, which
indicates that a confluent monolayer has been formed,
cells were washed with and exposed to 1% human serum
albumin (HSA) in bare medium for 60 min followed
by addition of 10% platelet-free plasma collected from
COVID-19 patients. HSA (1%) was used as time control.
All patient plasma samples were measured individually
(one patient plasma sample per well). Impedance of the
endothelial monolayer was measured at 4000 Hz using
ECIS software (210.0 PC; Applied Bio-Physics) until a
steady-state was reached (approximately 1 h). Measure-
ments were performed in triplicate and normalized to
baseline. Impedance measurements were used to derive
resistance of the cells which represents the barrier func-
tion of the endothelial cells [30].

2.6 Recombinant Angiopoietin-1

To study the effect of activation of the endothelial Tie2
receptor on plasma-induced alterations in endothelial
barrier function, recombinant angiopoietin-1 was added.
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In a separate experiment, renal and pulmonary endothe-
lial cells were exposed to plasma from ICU (n=9) and
ward (n=9) COVID-19 patients as described above.
After 15 min, recombinant angiopoietin-1 (800 ng/mL;
923-AN, R&D systems, Biotechne, Minneapolis, MN,
USA) was added and resistance of endothelial cells was
measured with the ECIS as described above. Measure-
ments were performed in duplicate and normalized to
baseline.

2.7 Plasma Analysis

Plasma concentrations of several markers of the endothe-
lial angiopoietin/Tie2 system, endothelial injury and gly-
cocalyx degradation were measured using commercially
available enzyme-linked immunosorbent assays (ELISA)
according to the manufacturer. The following markers
were measured in all individual patient plasma samples
obtained at admission, week 1, and week 2: angiopoi-
etin-1 (DANG1, R&D systems), angiopoietin-2 (DANG2,
R&D systems), soluble Tiel (DY5907, R&D systems, Bio-
techne, Minneapolis, MN, USA), soluble Tie2 (DTE200,
R&D Systems, Biotechne, Minneapolis, MN, USA)),
soluble thrombomodulin (ab46508, Abcam, Cambridge,
MA), von Willebrand Factor (vVWF) (ab108918, Abcam,
Cambridge, MA), and heparan sulfate (SEA565Hu,
Cloud-Clone Corp). Delta levels were defined as the dif-
ference between the circulating levels at week 1 com-
pared to admission.

2.8 Statistical Analysis
A difference of 12% in in vitro endothelial resistance
between mild and severely ill COVID-19 patients was
expected. With a significance level (a) of 0.05 and beta
of 0.9, group sizes of n=8 were calculated. To associate
circulating angiopoietin-2 levels with in vitro endothelial
resistance, a group size of n=20 was calculated [23, 31].

Data were analyzed using GraphPad Prism 8.2 (Graph-
Pad Software, San Diego, CA, USA) and IBM SPSS sta-
tistical software, version 22.0 (IBM Software Group,
New York, NY, USA). Continuous data are presented
as meanz*standard deviation for normally distributed
data, or median with interquartile range for non-para-
metric data. Normality of the data was checked via his-
tograms and Shapiro—Wilk tests. Changes in endothelial
resistance over time in the ICU cohort were calculated
using Friedman test with Bonferroni post-hoc analysis,
since data were not normally distributed. In patients at
the ward, differences in endothelial resistance between
admission and week 1 were tested using a Wilcoxon
signed-rank test.

Associations between patient outcome and cir-
culating markers and between patient outcome and
in vitro endothelial resistance were analyzed using the

non-parametric Mann—Whitney U test. Associations
with binary outcome data were checked using logistic
regression. A receiver operating characteristic (ROC)
curve was plotted to test the accuracy of delta angi-
opoietin-2 as a predictor. Correlations between in vitro
endothelial markers and circulating markers were
analyzed using a Spearman’s rank correlation test. A
p-value <0.05 was considered as statistically significant.

3 Results

3.1 Patient Characteristics

Patients demographics and clinical parameters are
listed in Table 1. Most patients were male (ward 57.1%;
ICU 70.0%) and the mean age of ward patients was
65+ 13 years and 62 + 10 years of patients at the ICU. The
two patient groups were comparable in terms of BMI,
smoking behaviour, and the prevalence of hypertension.
However, patients at the ICU had a higher incidence of
diabetes mellitus type 2 compared to patients admitted to
the conventional ward (14.3% vs 50%, p =0.035).

During admission, 11 out of 20 patients at the ICU
developed AKI (55%) and all 20 ICU patients developed
ARDS (100%). None of the patients at the ward devel-
oped AKI or ARDS nor were transferred to the ICU dur-
ing our sampling period. Furthermore, ICU patients had
an increased length of hospital stay compared to ward
patients (p<0.001). During our sample period, none of
the ICU patients were transferred to the ward. Lastly,
90-day mortality was 55% in the ICU cohort.

3.2 Plasma from COVID-19 Patients Induced In Vitro
Endothelial Hyperpermeability

Plasma from COVID-19 patients obtained at admission
reduced renal and pulmonary endothelial resistance
compared to plasma from healthy controls (Fig. 2A, B).
Interestingly, renal and pulmonary endothelial resist-
ance did not differ between patients with mild and severe
symptomatology at admission (Fig. 2).

Interestingly, there were differences in endothelial
resistance exposed to plasma collected at different time
points. The reduction in in vitro pulmonary endothe-
lial resistance was less following exposure with plasma
obtained from severely ill patients at the ICU at week 1
and 2 (0.38 [0.37-0.42] vs 0.40 [0.37-0.49] vs 0.72 [0.46—
0.93]; p<0.001; Fig. 3A) and from mildly ill patients at
the ward at week 1 (0.37 [0.34—0.38] vs 0.40 [0.37-0.46];
p<0.01; Fig. 3A).

When using plasma samples obtained from patients
at the ICU at week 1 and 2, the decrease in in vitro
renal endothelial resistance was smaller compared to
plasma obtained at admission. (0.46 [0.43-0.52] vs
0.50 [0.44-0.58] vs 0.77 [0.56-0.86]; p <0.001; Fig. 3B)
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Table 1 Patient demographics

Male sex, n (%) All patients (n=34) Ward patients (n=14) ICU patients (n=20) p-value
n* n* n*
22 (64.7) 8 (57.1) 14 (70.0) 0.34°
Age, years 63 +11 65 +13 62 +10 042°
BMI, (kg/m?) 274 [24.6-314] 27.8 [24.6-36.6] 269 [24.6-30.3] 0374
Smoking, n (%) 3 (11.5) 26 1 (8.3) 12 2 (14.3) 14 0.56°
Comorbidities, n (%)

Diabetes mellitus Il 12 (35.3) 2 (14.3) 10 (50.0) 0.035°
Metformin 7 (21.9) 32 1 (7.1 6 (30.0) 18 0.087°
Insulin 2 (6.3) 32 0 (0.0) 2 (10.0) 18 031°
SGLT2-inhibitors 2 6.3) 32 0 (0.0) 0 0.0 18 -
SU-derivatives 2 (6.3) 32 0 (0.0) 2 (10.0) 18 031°

Hypertension 15 (44.1) 5 (35.7) 10 (50.0) 0412
Beta blocker 8 (25.0) 32 5 (35.7) 3 (15.0) 18 0.21°
Diuretics 8 (25.0) 32 3 (21.4) 5 (25.0) 18 0.50°
Calcium channel blockers 3 (9.4) 32 0 (0.0) 3 (15.0) 18 0.17°
ACE-inhibitors 7 (21.9) 32 3 (214) 4 (20.0) 18 0.65°
Angiotensin Il receptor blockers 4 (12.5) 32 3 (21.4) 1 (5.0) 18 021°

Chronic kidney disease 3 (8.8) 2 (14.3) 1 (5.0) 0370

Complications, n (%)
AKI 11 (32.4) 0 (0.0 11 (55.0) 0.001°
ARDS 20 (58.8) 0 0.0) 20 (100.0) <0.001°
Mechanical ventilation, days 14 [10-21] - 14 [10-21]
Days between symptom onset 9 +5 9 +6 9 +4 0.89°
and admission sample
Ward stay, days - 8 [6-13] 7* [5-16] -
ICU stay, days - - 16 [12-23] -
Total hospital stay, days 15 [10-24] [6-13] 20 [14-29] <0.0019
90-day mortality, 11 (324) (0.0) 1 (55.0) 0.001°

n (%)

Values represent frequencies, means * standard deviation, or median with interquartile range

ICUintensive care unit, BM/body mass index, SGLT2 sodium glucose transport protein 2, SUsulfonylurea, ACE angiotensin converting enzyme, AKlacute kidney injury,

ARDS acute respiratory distress syndrome

2 Chi-square test,

b Fisher’s exact test,

“independent samples T-test,

9 Mann-Whitney U test,

# deviating number of patients due to missing data,

*ward stay after discharged from ICU

and from mildly ill patients at the ward at week 1 (0.45
[0.44-0.50] vs 0.50 [0.45—-0.69]; p =0.039; Fig. 3B).

3.3 Treatment with Recombinant Angiopoietin-1

Addition of recombinant angiopoietin-1 did not alter
COVID-19 induced reduction in pulmonary and renal
endothelial resistance compared to solely plasma from
mild and severe COVID-19 patients (Fig. 4)

3.4 Circulating Markers of the Endothelial Angiopoietin/
Tie2 System

Patients admitted to the ward showed higher circulat-
ing levels of angiopoietin-2, angiopoietin-2/1 ratio,
and soluble Tie2 at admission when compared to
patients admitted to the ICU (p=0.015, p=0.048 and
p=0.025, respectively). Interestingly, patients admitted
to the ICU showed an increase in circulating levels of
angiopoietin-2 (Fig. 5A), the soluble form of the Tie2
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Fig. 2 COVID-19 plasma-induced endothelial hyperpermeability Human pulmonary (A) and renal (B) endothelial cells were exposed to plasma
from COVID-19 patients collected at admission and healthy controls and endothelial resistance was measured over time. Human serum albumin
was used as time control. Data represent mean and were tested with a two-way ANOVA with repeated measurements. **=p <0.01, ***=p <0.001
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Fig. 3 Changes in endothelial resistance over time Human pulmonary (A) and renal (B) endothelial cells were exposed to plasma from COVID-19
patients collected at admission, week 1 and week 2 at the ward or intensive care and endothelial resistance was measured. Data represent
median with interquartile range and were tested with Friedman test with Bonferroni post-hoc analysis and Wilcoxon signed rank test. *=p <0.05,

*=p<0.01,***=p<0.001

receptor (Fig. 5E) and soluble Tiel (Fig. 5F) in the first
week following admission. Circulating angiopoietin-1
and the angiopoietin-2/1 ratio remained stable over
time (Fig. 5C, D). On the contrary, this increase was
absent in patients at the ward since circulating levels of
angiopoietin-2, angiopoietin-1, soluble Tie2 and solu-
ble Tiel remained unchanged (Fig. 5A, C, F). Circulat-
ing levels of soluble thrombomodulin, von Willebrand
Factor, and heparan sulfate, markers of endothelial
injury and glycocalyx degradation, showed no changes
over time in both patient groups (Additional file 1).

No correlations were found between in vitro renal
endothelial resistance and circulating markers of the
angiopoietin/Tie2 system at admission (Additional file 2).
Moreover, correlations were also lacking between cir-
culating markers and pulmonary endothelial resistance
(Additional file 3).

3.5 Alterations in the Angiopoietin/Tie2 System

and Patient Outcome
The increase in angiopoietin-2 within the first week of
admission was associated with an increased likelihood
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Fig. 4 Endothelial barrier function with recombinant angiopoietin-1 Human pulmonary (A) and renal (B) endothelial cells were exposed to plasma
from mild (ward; grey lines) and severe (ICU; black lines) COVID-19 patients collected at admission and treated with recombinant angiopoietin-1

(rAng1; dotted lines). Data represent mean

of developing AKI (OR 1.6, 95% CI 1.1-2.4, p=0.013),
developing ARDS (OR 2.1, 95% CI 1.1-3.8, p=0.017)
and 90-day mortality (OR 2.3, 95% CI 1.3-4.0, p=0.006)
in our total study cohort including all 34 COVID-19
patients. Furthermore, an increase in soluble Tie2 and
soluble Tiel between admission and week 1 increased
likelihood of developing ARDS (OR 1.6, 95% CI 1.1-2.6,
p=0.028 and OR 1.8, 95% CI 1.0-3.4, p=0.047 respec-
tively). Delta soluble Tie2 and delta soluble Tiel were not
associated with increased odds of developing AKI and
90-day mortality.

Receiver operating characteristic (ROC) curves with
area under the curve (AUC) analysis was generated to
determine the prognostic accuracy of the increase in
angiopoietin-2 levels for 90-day mortality in our patient
group. Delta angiopoietin-2 showed good discrimination
for 90-day mortality (AUC=0.914, 95% CI=0.807-1.000,
p<0.001) as shown in Fig. 6.

4 Discussion
In the present study, we examined the effect of changes
in the circulation of COVID-19 patients with mild and
severe symptomatology on renal and pulmonary in vitro
endothelial permeability. In addition, we assessed
changes in endothelial permeability over time and
whether in vitro endothelial barrier function is related to
alterations in the endothelial angiopoietin/Tie2 system.
We showed that COVID-19 patient plasma-induced
renal and pulmonary endothelial hyperpermeability
as measured with an in vitro bioassay. This COVID-
19 plasma-induced endothelial hyperpermeability
occurred irrespective of disease severity. Interestingly,
plasma-induced endothelial hyperpermeability was
less severe after one week of hospital and ICU admis-
sion. The endothelial angiopoietin/Tie2 system, which
is involved in regulation of endothelial permeability,

was dysbalanced as represented by increased circulat-
ing angiopoietin-2 and soluble Tie2 levels over time in
severely ill patients, but not in mildly ill patients. Both
circulating angiopoietin-2 and soluble Tie2 levels were
not associated with in vitro endothelial permeability.
Moreover, treatment with recombinant angiopoietin-1
did not restore COVID-19 plasma-induced endothelial
hyperpermeability. However, the increase in circulating
angiopoietin-2 was associated with the development of
AKI and ARDS and was able to predict 90-day mortal-
ity. These results suggest that the indirect effects of the
SARS-CoV-2 virus, as represented by changes in the
circulation, results in endothelial hyperpermeability
independent of disease severity and alterations in the
endothelial angiopoietin/Tie2 system. Nonetheless, cir-
culating angiopoietin-2 might be of interest in the con-
text of organ injury and patient outcome in COVID-19.
ECIS is an in vitro technique to quantify real-time
behaviour of cells within a monolayer [30]. An impor-
tant aspect of endothelial physiology is the formation
and maintenance of the endothelial barrier. ECIS meas-
ures changes in impedance as endothelial cells form a
monolayer and establish tight junctions between cells. In
case of a disruption of the endothelial barrier, a decrease
in impedance is detected. Endothelial hyperpermeabil-
ity is increasingly recognized in the pathophysiology of
COVID-19. However, this parameter is clinically lim-
ited to the evaluation of fluid overload as a consequence
of vascular leakage or by the evaluation of circulating
markers involved in the regulation of endothelial barrier
function. In the present study, we showed that COVID-
19 patient plasma-induced in vitro renal and pulmonary
endothelial hyperpermeability was not different between
mildly and severely ill COVID-19 patients. These results
are in agreement with those obtained by Michalick and
colleagues [16]. In addition, these results are also in
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Fig. 5 Levels of circulating markers of the angiopoietin/Tie2 system Changes in circulating markers over time in patients diagnosed with COVID-19
admitted to the ICU and ward. Circulating levels of angiopoietin-2 (A), delta angiopoietin-2 (B), angiopoietin-1 (C), angiopoietin-2/1 ratio (D),
soluble Tie2 (E) and soluble Tie1 (F) at admission, week 1, and week 2. Data represent median with interquartile range and were tested using
Friedman test with Bonferroni post-hoc analysis and Wilcoxon signed rank test. *=p <0.05, **=p <0.01, ***=p <0.001

alignment with findings previously reported by our group
in critically ill patients in which plasma from patients fol-
lowing hemorrhagic shock and cardiac surgery impaired
endothelial barrier function compared to plasma from
healthy controls or preoperative plasma measurements
[23, 31, 32].

It is, however, unexpected that disease severity would
not affect plasma-induced endothelial hyperpermeabil-
ity as earlier research suggested a relationship with dis-
ease severity in COVID-19 patients [6, 8]. The absence
of an effect of disease severity might be explained by
the fact that our study examines indirect effects of the
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Fig. 6 ROC curve for delta angiopoietin-2 as prognostic marker ROC
curve analysis of delta angiopoietin-2 between admission and week 1

for 90-day mortality. This analysis was performed in the entire cohort
(n=34 COVID-19 patients)

virus on endothelial cells. In the current in vitro setting,
impaired vascular tone, dysregulation of coagulation and
complement activation factors that have been proven
to be involved in COVID-19 pathophysiology, were not
taken into account. Moreover, although not the focus of
our research and therefore not fully studied, circulating
markers related to glycocalyx degradation and endothe-
lial injury did not differ between mildly and severely ill
patients at admission. Also, time till hospital or ICU
admission since COVID-19 infection was comparable
between mild and severely ill patients. Taken together,
COVID-19 plasma-induced in vitro renal and pulmonary
endothelial hyperpermeability was independent of dis-
ease severity and improved over time.

Knowledge of the pathophysiological mechanism
leading to endothelial hyperpermeability in patients
with COVID-19 is scarce. In severely ill COVID-19
patients, increased circulating levels of angiopoie-
tin-2 are reported [1, 14, 20, 21, 33] and reduced gene
expression of the endothelial Tie2 receptor was found
in renal post-mortem biopsies [34]. Unexpectedly, we
found higher circulating levels of angiopoietin-2 in
ward patients compared to ICU patients at admission.
This finding is contrary to previous studies which have
reported a positive relation between disease severity
and circulating angiopoietin-2 levels [1, 14, 20, 21, 33].
This result may be explained by the fact that we were
unfortunately not able to correct for hematocrit in our
patient cohort since no data were available at admis-
sion. On the other hand, we have increased circulat-
ing angiopoietin-2 and soluble Tie2 levels, which is
indicative for increased shedding of the Tie2 receptor,
in severely ill COVID-19 patients. This increase was
absent in COVID-19 patients with mild symptoms. This

suggests that endothelial the angiopoietin/Tie2 system
is more dysregulated in severely ill COVID-19 patients
compared to COVID-19 patients with mild symptoms.

Although we previously have shown that increased
angiopoietin-2 levels were associated with plasma-
induced endothelial hyperpermeability from patients
undergoing cardiac surgery with cardiopulmonary
bypass [23], we did not find this relation using plasma
from COVID-19 patients in the current study. Moreo-
ver, this relation was also not found using plasma from
traumatic hemorrhagic shock patients [31]. The absence
of this direct relation is supported by the finding that
angiopoietin-2 itself could not induce in vitro endothe-
lial hyperpermeability or vascular leakage in mice, but
seems to need an additional barrier disruptive agent such
as thrombin or a cytokine [35, 36]. In addition, treat-
ment with recombinant angiopoietin-1 did not restore
COVID-19 plasma-induced endothelial hyperperme-
ability. It was previous shown that exposing endothelial
cells to plasma from severe ill COVID-19 patients did
not affect Tie2 gene expression [37], which might explain
the lack of treatment with recombinant angiopoietin-1
on endothelial permeability. However, within the same
study the authors showed that stimulation of Tie2 attenu-
ated COVID-19 plasma-induced alterations in thrombo-
inflammatory gene expression and procoagulant activity
[37]. An important methodological difference is that they
have pretreated the cells with recombinant angiopoi-
etin-1, while we have treated the cells after exposure
to patient plasma which is from a clinical perspective a
more relevant moment. To summarize, the endothe-
lial angiopoietin/Tie2 system is dysregulated in criti-
cally ill COVID-19 patients, however, this is not directly
associated with in vitro plasma-induced endothelial
hyperpermeability.

An increase in circulating angiopoietin-2 over time
was associated with AKI and ARDS development in our
total cohort. This finding supports the role of angiopoi-
etin-2 in organ injury in critically ill patients. However,
caution must be applied, as this study is not able to show
causality between an increase in angiopoietin-2 and the
development of ARDS and AKI. Additionally, delta angi-
opoietin-2 was able to predict 90-day mortality in our
total cohort. This is in line with the results from Villa
et al. stating that the three-day angiopoietin-2 course is
a strong predictor of in-hospital mortality [22]. Although
these results should be interpreted with caution due to
the low sample size, angiopoietin-2 seems to be of con-
siderable importance in the clinical course of patients
with COVID-19 and worth further investigation. Taken
together, these results indicate that circulating angiopoi-
etin-2 is not directly related to in vitro endothelial hyper-
permeability, however, the increase of angiopoietin-2
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over time might be used as a marker for adverse outcome
in COVID-19 patients.

4.1 Limitations

We acknowledge several limitations of the present study.
First, clinical outcome parameters such as the develop-
ment of AKI and ARDS and mortality were not our pri-
mary outcome. The predictive value of angiopoietin-2
might, therefore, be underpowered. Nonetheless, we
found significant associations despite the small sam-
ple size making it an interesting marker in COVID-19
patients for future research. Secondly, relatively ‘healthy’
endothelial cells were used to study the effect of plasma
in an in vitro setting. Many hospitalized COVID-19
patients, especially at the ICU, present with comorbidi-
ties including hypertension, diabetes, and cardiovascular
diseases often accompanied by vascular dysfunction [38,
39]. However, the representability of this in vitro model
for endothelial barrier function has been confirmed in
previous studies [23, 30-32].

5 Conclusions

In conclusion, we report that COVID-19 patient plasma
induced renal and pulmonary endothelial hyperper-
meability irrespective of disease severity. Interest-
ingly, plasma-induced endothelial hyperpermeability
improved over time. The endothelial angiopoietin/Tie2
system was dysbalanced in severely ill, but not mildly
ill, patients, however, were not associated with in vitro
endothelial permeability. Moreover, treatment with
recombinant angiopoietin-1 did not restore COVID-
19 plasma-induced endothelial hyperpermeability.
The increase in circulating angiopoietin-2 was associ-
ated with the development of AKI and ARDS and able
to predict 90-day mortality. These results suggest that
the indirect effects of the SARS-CoV-2 virus, as repre-
sented by changes in the circulation, results in endothe-
lial hyperpermeability independent of disease severity
and alterations in the endothelial angiopoietin/Tie2 sys-
tem. Nonetheless, circulating angiopoietin-2 might be of
interest in the context of organ injury and patient out-
come in COVID-19.
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