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Summary
Background SARS-CoV-2 targets endothelial cells through the angiotensin-converting enzyme 2 receptor. The eBioMedicine 2022;77:
resulting endothelial injury induces widespread thrombosis and microangiopathy. Nevertheless, early specific 103893

markers of endothelial dysfunction and vascular redox status in COVID-19 patients are currently missing. Published online ox
https://doi.org/10.1016/j.

Methods Observational study including ICU and non-ICU adult COVID-19 patients admitted in hospital for acute ebiom.2022.103893

respiratory failure, compared with control subjects matched for cardiovascular risk factors similar to ICU COVID-19
patients, and ICU septic shock patients unrelated to COVID-19.

Findings Early SARS-CoV-2 infection was associated with an imbalance between an exacerbated oxidative stress
(plasma peroxides levels in ICU patients vs. controls: 1456.0 + 400.2 vs 436 + 272.1 mmol/L; P < o.05) and a
reduced nitric oxide bioavailability proportional to disease severity (5-a-nitrosyl-hemoglobin, HbNO in ICU patients
vs. controls: 116.1 & 62.1 vs. 163.3 £ 46.7 nmol/L; P < o.05). HbNO levels correlated with oxygenation parameters
(PaO,/FiO, ratio) in COVID-19 patients (R” = 0.13; P < 0.05). Plasma levels of angiotensin II, aldosterone, renin or
serum level of TREM-1 ruled out any hyper-activation of the renin-angiotensin-aldosterone system or leucocyte respi-
ratory burst in ICU COVID-19 patients, contrary to septic patients.

Interpretation Endothelial oxidative stress with ensuing decreased NO bioavailability appears as a likely patho-
genic factor of endothelial dysfunction in ICU COVID-19 patients. A correlation between NO bioavailability
and oxygenation parameters is observed in hospitalized COVID-19 patients. These results highlight an urgent
need for oriented research leading to a better understanding of the specific endothelial oxidative stress that
occurs during SARS-CoV-2.
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Research in context

Evidence before this study

We searched PubMed for published article on bioavail-
ability of nitric oxide (NO) and specific markers of vascu-
lar endothelial function in confirmed COVID-19 patients
without any date or language restrictions, up to Sep-
tember 1, 2021. The search terms were (“COVID-19” or
“SARS-CoV-2") and “bioavailability of nitric oxide”. We
found a number of theoretical articles that postulated a
decrease of nitric oxide during SARS-CoV-2 infection
but no published clinical article reporting specific
markers of bioavailability of nitric oxide in patients with
COVID-19.

Added value of this study

We demonstrate that the coagulopathy developing at
the early stage of COVID-19 is associated with a distinc-
tive NO-dependent endothelial dysfunction and oxida-
tive stress, not explained by an overactivation of the
renin angiotensin-aldosterone system or the leucocytes
respiratory burst. We used an original technique of low-
temperature electron paramagnetic resonance spec-
troscopy (EPR) to directly measure the 5 « -coordinate-
heme nitrosyl-hemoglobin in the T (tense) state (5-
a-nitrosyl-hemoglobin or commonly HbNO), which we
previously used to quantitatively measure circulating
bioavailable NO, to show a direct correlation between
NO and respiratory parameters in COVID-19 patients.
Our previous work showed that erythrocyte HbNO
reflects the bioavailability of NO formed in the vascula-
ture by endothelial NOS with a direct correlation with
vascular endothelial function. Septic patients, studied in
parallel show distinctive results with disseminated intra-
vascular coagulation (DIC), surprisingly less vascular oxi-
dative stress, but much higher NO, as a consequence of
inflammation and iNOS induction (a first demonstration
of high circulating NO in human sepsis by state-of-the-
art EPR), that, unlike in COVID-19 patients, results in vas-
oplegia and activation of the renin-angiotensin-aldoste-
rone system (RAAS). Additional detailed analyses of the
pulmonary endothelium by electron microscopy (TEM
and SEM) in COVID-19 show that the endothelium is not
destroyed, but shows clear signs of activation, suggest-
ing that the cell machinery is hijacked towards viral rep-
lication, itself a source of additional reactive oxygen
species (ROS) production.

Implications of all the available evidence

Even if the number of patients is limited, our observa-
tions point to key pathogenic features that should ori-
ent future mechanistic studies towards the
identification of endothelial ROS production for tar-
geted therapies. Our study also highlights the use of
specific biomarkers (e.g. EPR measurements of HbNO)
to better stratify patients between early vs. late COVID-
19 with infectious complications leading to sepsis.

Introduction

SARS-CoV-2 infection predisposes to disproportionate
thrombotic events because of a hypercoagulable state
despite standard thromboprophylaxis." Thrombotic
events occur preferentially in ICU COVID-19 patients
with an increase of the odds of mortality up to 74%.”
Therapeutic anticoagulation recently showed benefits
by improvement of gas exchange and a reduced need
for mechanical ventilation® but failed to improve hos-
pital survival or days free of organ support so far.
Endothelial dysfunction is thought to play a major
role in the pathogenesis of COVID-19.* This is sup-
ported by histologic observations showing gross alter-
ations of pulmonary vessels, with microangiopathy,
alveolar capillary microthrombi and endothelial
injury.” Further, a compromised microcirculatory
function has been objectified by measuring an altered
sublingual microvascular perfusion® with increased
numbers of leukocytes, red blood cells microaggre-
gates and platelets activation.” Such microvascular
dysfunction, known to be associated with mortality in
ICU patients® may result from endothelial dysfunc-
tion that would account for the tissue hypoperfusion,
inflammation and procoagulant state observed during
COVID-19. Indeed, a previous study revealed reduced
plasma nitric oxide (NO) species in COVID-19
patients compared to controls, related to a reduced
synthesis or an increased consumption from scaveng-
ing by reactive oxygen species.” Accordingly, others
have suggested monitoring nitrite/nitrate levels
(NOx) and even supplementation with exogenous
nitrate or nitrite in COVID-19.""""
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However, a specific evaluation of the NO-dependent
endothelial function under SARS-CoV-2 invasion with
specific biomarkers is currently missing. Endothelial
nitric oxide (NO) is the pivotal endothelium-derived sub-
stance that maintains the vasculature in a quiescent
state by inhibition of inflammation, cellular prolifera-
tion, and thrombosis.” Endothelial dysfunction is due,
in part, to a decreased NO bioavailability that predis-
poses the vasculature towards a prothrombotic and a
pro-inflammatory state with expression of pro-inflam-
matory cytokines and adhesion molecules.” Angioten-
sin-converting enzyme 2 (ACE2) which allows SARS-
CoV-2 endothelial cell invasion' also acts as a counter-
regulator of the renin-angiotensin-aldosterone system
(RAAS) by converting angiotensin II (Ang II) into
Angiotensin 1-7 (Ang 1-7), limiting Ang II effects via
Ang II type 1 receptors (AT1R). On the endothelial cell,
the ATIR activation induces the generation of reactive
oxygen species (ROS) through activation of the NADPH
oxidase (NOX)-2, thus limiting the NO bioavailability.”
Therefore, the RAAS has been involved in the pathogen-
esis of COVID-19 because of the well-described ACE2
shedding that occurs during SARS-CoV-2 viral invasion.
However, previous measurements of plasma Ang II,
the primary effector hormone of the RAAS in COVID-
19 patients have yielded conflicting results, leaving the
issue unsolved.”® "

We postulated that endothelial SARS-CoV-2 invasion
would lead to a severe endothelial dysfunction, reflected
by decreased venous erythrocyte levels of the 5-o¢ -nitro-
syl-haemoglobin (HbNO) that could participate in the
microvascular dysfunction and the hypercoagulable
state we observed in COVID-19 patients. Accordingly,
measurements of HbNO would allow the early detection
of patients at risk of such lethal complications.

ICU COVID-19 patients were compared both with a
non-infected control group matched for similar cardio-
vascular risk factors and with hospitalized, non-ICU
COVID-19 patients. We added a comparison with ICU
septic shock patients in order to identify distinctive
pathogenic factors for the coagulopathy associated with
COVID-19.

Materials and methods

Study design and participants

We prospectively enrolled adult COVID-19 patients
admitted in ICU (Intensive Care Unit) or in the Infec-
tious disease ward. Control subjects with matched age,
sex and co-morbidities similar to ICU-COVID 19
patients were recruited in internal medicine consulta-
tion. Septic shock patients were recruited at the same
period in ICU. All the patients were included during
hospitalization at the Cliniques Universitaires Saint-
Luc, Brussels, Belgium (between 277 April and 3 Novem-
ber 2020). Exclusion criteria for patients were as
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follows: older than 75 years, chronic coagulopathies or
cirrhosis. COVID-19 exclusion criteria included also a
concomitant proved bacterial infection or ICU admis-
sion more than five days after admission on a general
ward, in order to avoid any undiagnosed bacterial infec-
tion. SARS-CoV-2 infection was confirmed by real-time
reverse transcription PCR in nasopharyngeal swabs.
Septic shock patients corresponded to refractory hypo-
tension due to a non-SARS-CoV-2-related infection."
ICU COVID-19 patients and septic shock patients were
included within the first day of ICU admission. Non-
ICU COVID-19 patients were included within the first
two days of hospital admission.

Ethics

The study was approved by the local Ethic Committee of
the Cliniques Universitaires Saint-Luc (2020/27AVR/
247 and 2020/20AVR/234). All the patients and volun-
teers have signed an informed consent document.

Procedures

Blood collection from study subjects. Human blood
was collected from patients by a venopuncture from the
median cubital vein for routine hematological analysis.
Measurements of venous and arterial blood O, concen-
tration were performed by using a blood gas analyser
(ABL80oo Flex, Radiometer, Copenhagen, Denmark) in
samples collected into O,-stop syringes (Smiths Medical
ASD, USA) Additional venous blood samples were
drawn into O,-stop tubes (BD-Plymouth, Vacutainer)
containing (1.8 mg/mL), Lithium Heparin (Starstedt, S-
Monovette® Lithium Heparin), Citrate (Starstedt, Cit-
rate S-Monovette® Citrate 1:10) or without additive (Star-
stedt, S-Monovette® Serum) and were immediately
centrifuged (700 x g, 10 min). Plasma and erythrocytes
were collected and immediately frozen for the redox sta-
tus testing. The samples were stored at —8o °C before
all the measurements.

5-coordinate «-HbNO (HbNO)
human erythrocytes

Erythrocytes collected for the HbNO analysis were
pre-treated with a mixture of antioxidant solution
(sodium ascorbate and N-acetylcysteine, 5 mmol/L each,
added into a closed vacutainer using a Micro-Fine™
syringe), centrifuged (10 min, 8ooxg, at room tempera-
ture), then retrieved from the bottom of the vacutainer
tube, transferred into a 1 ml syringe and immediately
frozen for low-temperature Electron Paramagnetic Res-
onance (EPR) spectroscopy measurements. The EPR
spectra from the frozen erythrocyte samples were
recorded on a Bruker X-band EPR spectrometer (EMX-
micro) at 77 K using an EPR quartz finger Dewar filled
with liquid nitrogen with the following settings: micro-
wave frequency ~ 9.35 GHz; modulation frequency,
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100 kHz; microwave power (MW), 20 mW; modulation
amplitude (MA), o.7 mT. The relative concentration of
the heme-Fell nitrosyl-hemoglobin (T-form) was quan-
tified from the intensity of the hyperfine components of
the HbNO signal (g-factor 2.01, Ap=16.8 G,) after sub-
traction of the overlapping EPR signal of protein free
radicals (g = 2.005, linewidth ~10—15 G) as described
previously.”® The absolute HbNO concentration was
determined from the calibration curve generated using
the HbNO complexes synthesized after incubation of
erythrocytes with a NO-donor system in anaerobic con-
dition; the concentration of HbNO was deduced from
the signal intensity obtained by spectra double-integra-
tion normalized by that of known EPR standards (Tem-
pol, 20—100 pmol/L frozen in 30% glycerol-water
solution).

Hemostasis markers. Prothrombin time, fibrinogen
and antithrombin were analysed on the ACL-TOP
750 (HemosIL ReadiPlasTin, HemosIL Q.F.A
Thrombin, HemosIL Liquid Antithrombin, Werfen
Barcelona, Spain). Von Willebrand antigen and activ-
ity were determined by immunoturbidimetric latex
based assays (HemosIL von Willebrand Factor Anti-
gen, HemosIL von Willebrand Ristocetin Cofactor
assay; Werfen) on the ACL-TOP 7o0o0. Protein C was
analyzed on ACL-TOP 700 (HemosIL Protein C,
Werfen). ADAMTS13 was determined with the Tech-
nozym® ADAMTS-13 Activity ELISA kit (Techno-
clone, Wien, Austria). Von Willebrand antigen and
activity are expressed in %. This is equivalent to U/
dL since these tests are calibrated against HemosIL
Calibration Plasma (Werfen), which is traceable to
the current International Standards.

Endothelial biomarkers. All the specific markers of
endothelial function were measured in serum and using
kits purchased from R&D Systems (Minneapolis, USA).
Concentrations of soluble InterCellular Adhesion Mole-
cule (serum, human sICAM-1/CD54 Quantikine Kit,
DCDs40), Endothelin-1 (serum, human Endothelin-1
Quantikine Kit, DET100), tissue Plasminogen Activator
(serum, human t-Plasminogen Activator Quantikine
Kit, DTPAoo) and Plasminogen activator inhibitor-1
(serum, human Total PAI-1 Quantikine Kit, DTSE100)
were measured according to the manufacturer’s instruc-
tions.

Oxidative stress markers. Nitrite/nitrate concentra-
tions (NOx) and plasma lipids peroxides were mea-
sured with a colorimetric assay (NOx: 780001 from
Cayman Chemical, Ann Arbor, USA and lipids per-
oxides: Bl-5007, from Biomedica Medizinprodukte
GmbN, Wien, Austria) according to the man-
ufacturer’s instructions.

RAS metabolites. Plasma aldosterone was measured by
radioimmunoassay (Demeditec, Kiel, Germany). Renin
was measured using the Renin Kit III (Cis Bio Interna-
tional, Saclay, France). Plasma Ang II was measured by
radioimmunoassay after SepPak extraction as described
before.”* Detection limits were 14.8 pg/mL, 2 pg/mL
and o.5 fmol/mL, respectively. Serum Angiotensin-Con-
verting Enzyme 2 (ACE2) was measured using Human
ACE2 Duo Set ELISA, R&D, DY933-05.

Soluble Triggering receptor expressed on myeloid cells-
1 (STREM-1). Plasma sTREM-1 levels were measured
using an analytically validated ELISA assay according to
regulatory requirements (EMA 2011) using a commer-
cially available research use only ELISA assay (Human
TREM-1 Quantikine® ELISA kit, R&D Systems).

Transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) of human pulmonary tissue
. We performed lung autopsies on three COVID-19
ICU patients and compared them to lung biopsies
obtained from two control patients who had undergone
lobectomy for lung cancer, taken at distance from the
lesions. Importantly, the delay between autopsies and
tissue sampling was short (less than 12 h) and an experi-
enced pathologist confirmed lung tissue quality before
the analyses. Lung samples were fixed with glutaralde-
hyde 2.5% (EM grade, EMS) at 4 °C overnight, washed
three times in cacodylate buffer (pH 7.4) and postfixed
I h at room temperature in 1% osmium (OsO4, EMS),
1.5% potassium ferrocyanide (Sigma-Aldrich) in o.15M
cacodylate buffer. This was immediately followed by a
second incubation in OsO4 (1% in distilled water) for th
at room temperature. After washing in distilled water,
samples were stained with 1% uranyl acetate (EMS) and
serially dehydrated in increasing ethanol concentra-
tions. Samples were then embedded in epoxy resin
(Agar 100 resin, Agar Scientific Ltd, UK) and left to
polymerize for 2 days at 6o °C. Ultrathin sections
(50—70 nm thick) were collected with a Leica UCG6
ultra-microtome on formvar-carbon-coated copper grids
and further stained with uranyl acetate and lead citrate
by standard procedures. Observations were made on a
Tecnai 10 electron microscope (FEI) and images were
captured with a Veleta camera and processed with SIS
iTEM software (Olympus).

Guideline-directed specific treatments

As soon as the results of the Recovery Trial** were
announced, all ICU COVID-19 patients received Dexa-
methasone (6mg/day during the first 10 days of hospi-
talization). Dexamethasone was administered in non-
ICU patients presenting symptoms for more than
7 days. At the time of the study, none of the included
ICU COVID-19 patients received exogenous (inhaled)
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nitric oxide. There was no specific diet for COVID-19
patients. All COVID-19 and septic shock patients
received thromboprophylaxis with low-molecular-
weight heparin (Nadroparin 3800 1U/days subcutane-
ously).

Statistical analysis

All results are expressed as mean + SD, SEM or counts
and proportions. Raw data were examined for normal
distribution using the Shapiro-Wilk test. COVID-19
groups were compared using Z tests. One-way ANOVA
with F test was used to compare all groups together, fol-
lowed by Tukey tests for multiple comparisons, either
directly or on log-transformed data when there was a
right-skewed distribution. In case of non-normal distri-
bution on log-scale, a Mann-Whitney (both COVID-19
groups) or Kruskal-Wallis tests (all different groups) fol-
lowed by Dunn’s correction for multiple comparisons
were used. Chi-square test was used for discrete data.
Outliers that exceeded 4 times the standard deviations
and/or aberrant values based on confirmed technical
failure have been excluded. The sample size of the pres-
ent study was not formally computed, due to the obser-
vational nature of the study. Based on our results, the
observed effect size (which is the difference between
ICU patients and controls expressed in SD units) was
close to 1 for HbNO, which reflects the NO-dependent
endothelial function. At the o.05 significance level and
including 30 patients in the ICU group and 15 controls
corresponding to a 2 by 1 design, our study had a power
of 87.1% to detect a Cohen’s effect size of 1 unit in
HbNO. Analyses were performed with Graph Pad
Prism version 9 (GraphPad Software, San Francisco,
California). P-values of < 0.05 was considered as statis-
tically significant.

Role of funding source

The Funder had no active role in study design, data col-
lection, data analyses, interpretation, or writing of this
report.

Results

Patient characteristics, comorbidities and treatments
60 adult COVID-19 patients (30 ICU and 30 non-ICU)
were finally included in this study cohort. 12 ICU
COVID-19 and 6 non-ICU COVID-19 patients were
excluded in accordance with the exclusion criteria and 2
refused to participate in both COVID-19 group.
ICU-COVID 19 patients present the same comorbid-
ities as their matched control group but present more
comorbidities than non-ICU patients. Few chronic dis-
eases were observed in both hospitalized groups of
patients. Septic shock patients present worse severity
scores due to multiple organ failure than ICU-COVID

www.thelancet.com Vol 77 Month March, 2022

19 patients (APACHE II Score and SOFA score) and all
septic shocks were related to bacterial infection treated
with antibiotics. Time delay between symptom onset
and hospital admission was longer for COVID-19
patients compared with septic shock. A majority of
COVID-19 patients benefited from corticosteroids
(Dexamethasone 6 mg/day during the first 10 days of
hospitalization) compared to a minority of septic shock
patients  (Hydrocortisone 150 mg/day). Before
announcement of the Recovery Trial results, a small
proportion of COVID-19 patients received Hydroxy-
chloroquine (400 mg twice daily at day 1 followed by
200 mg twice daily from day 2 to day ).

At inclusion time, ICU COVID-19 patients exhibited
more acute respiratory failure characterized by a lower
PaO, / FiO, ratio (Partial pressure of arterial oxygen to
Fraction of inspired oxygen ratio) than septic shock
patients. Contrary to COVID-19 patients, all septic
shock patients received antibiotics therapy. The majority
of ICU-COVID 19 patients were first under High Flow
Nasal Cannula (HFNC) and finally intubated. No vaso-
pressor administration was necessary in ICU-COVID
19 patients before sedation for mechanical ventilation
compared to septic shock patients. ICU length of stay
differs between ICU-COVID 19 patients and septic
shock patients. Hospital length of stay differs between
ICU-COVID 19 patients and non-ICU COVID 19
patients and also compared to septic shock patients.
Mortality did not differ between the two ICU groups of
patients.

The patient’s study flow diagram is shown in Figure 1
while the main clinical characteristics, comorbidities,
adjunctive treatments and outcomes of all the different
groups are reported in Table 1.

High vascular oxidative stress despite unstimulated
RAAS in COVID-19 disease, contrary to sepsis

The mean plasma levels of peroxides, reflecting vascular
oxidative stress were increased in both COVID-19
groups up to four times the levels observed in patients
with septic shock or the control group (Figure 2a). How-
ever, plasma soluble Triggering Receptor expressed on
Myeloid cell-1 (sTREM-1), an indicator of leucocyte acti-
vation was higher in the septic shock group compared
with ICU COVID-19 patients, suggesting that high oxi-
dative stress in the latter came from another source
(Figure 2b). STREM-1 levels in non-ICU COVID-19
patients were not different from control subjects. We
next measured the activity of the RAAS, as a classical
source of vascular oxidative stress. Surprisingly, Ang II
levels were low both in ICU and Non-ICU COVID-19
patients compared to the matched control subjects
(Figure 2c¢); this finding was unaffected by excluding
patients under angiotensin-converting-enzyme inhibi-
tors (ACE inhibitor) or Ang II receptor blocker (ARB)
therapy (Figure 2d). Conversely, Ang II levels were
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Septic shock Non-ICU COVID-19 ICU COVID-19 Control
10 patients 38 patients 44 patients 15 patients
April 27,2020
|
8 patients excluded I 14 patients excluded
- 2 refusals to participate | - 2 refusals to participate
- 1 concomitant parasite infection < | > - 5 older than 75
- 5 exclusions for technical -1 cirrhosis
problems at blood sampling [ - 1 concomitant bacterial infection
| -5 admitted more than 5 days in
I hospital before admission in ICU
[
v
$ 3 November 3, 2020} |
10 patients 30 patients 30 patients 15 patients
included included included included

Figure 1. Flow chart of the ENDOCOVID observational study.

much higher in septic shock patients (Figure 2c). Both
septic shock and COVID-19 patients displayed increased
levels of soluble ACE2 compared to the control group,
with no difference between the two COVID-19 groups
(Figure 2e). Plasma levels of aldosterone, a final effector
of the RAAS, were similar between control subjects,
ICU COVID-19 and septic shock patients, and even
lower in non-ICU COVID-19 patients (Figure 2f). The
plasma aldosterone to Ang II ratio was lowest in septic
shock patients (Table 2). Accordingly, plasma renin lev-
els were highest in septic shock patients, whereas both
groups of COVID-19 patients displayed levels compara-
ble to the control group (Figure 2g).

Decreased vascular nitric oxide bioavailability in
COVID-19 disease, contrary to sepsis

Circulating concentrations of erythrocyte 5-e-nitrosyl-
hemoglobin (HbNO), reflective of vascular NO Dbio-
availability®> were decreased in ICU COVID-19
patients while HDNO values were not different
between non-ICU COVID-19 patients and the control
group. Conversely, an increase of HbNO was
observed in septic shock patients (Figure 3a). Similar
trends were observed for nitrite/nitrate levels (NOx),
the corresponding stable end products of NO oxida-
tion (Figure 3b). HbNO values correlated with an oxy-
genation index defined by the PaO,/FiO, ratio in the
cohort of COVID-19 patients (R* = 0.13; P = 0.005)
(Figure 3c). In four severe COVID-19 patients that
secondarily required respiratory support in the ICU,
HbNO values and PaO,/FiO, ratio decreased over
time when compared to admission values in general
ward (Figure 3d). Finally, an inverse correlation was
observed between HDNO levels and the oxidative

stress (defined by the plasma peroxides levels,
R? = 0.07; P = 0.03) (Supplemental Figure 1a).

The whole blood count in COVID-19 disease is
characterized by lymphopenia resulting with an
increased neutrophil to lymphocyte ratio

The incidence of lymphopenia was higher in the ICU
compared to non-ICU COVID-19 patients while the
degree of lymphopenia was similar in the two ICU
groups. Total white cells or neutrophils counts were
not increased in both COVID-19 patient groups. In
addition, platelets counts were normal in both
groups. Conversely, septic shock was associated with
thrombocytopenia, and increased counts for both the
total white cells including neutrophils. As expected,
the neutrophil to lymphocyte ratio (NLR) was
increased in ICU-COVID 19 patients compared to
non-ICU COVID-19 patients mainly due to the sig-
nificant lymphopenia observed in ICU patients. The
full results are shown in Table 2.

Absence of disseminated intravascular coagulation in
COVID-19 patients, contrary to sepsis

Plasma fibrinogen was increased in ICU compared to
non-ICU COVID-19 patients while lower values are
observed in septic shock patients. D-dimer levels at admis-
sion were moderately increased in both COVID-19 groups
but highest in the septic shock group. A statistical correla-
tion was observed between the NO-dependent endothelial
dysfunction (defined by HbNO values) and the highest D-
dimer levels observed during the first 1o days of hospitali-
zation without bacterial reinfection documented
(R? = 0.09; P = 0.02) (Supplemental Figure 1b). In ICU
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Variables Matched control Non-ICU COVID-19 ICU COVID-19 Septic shock
n=15 n=30 n=30 n=10

Age (years) 615482 52.1 +13.5% 613487 65.4 + 84

Sex Male - n (%) 11(73.3) 22(73.3) 25 (83.3) 6 (60.0)

Cardio-vascular comorbidities

BMI (kg/mz) 293 £ 5.1 287+6 30.1 +4.2 26.4 + 8.9*
Hypertension - n (%) 10 (66.6) 9 (30.0)* 20 (66.6) 4 (40.0)
Diabetes - n(%) 6 (40.0) 3(10.0* 13 (433) 3(30.0)
Current smoker - n(%) 2(13.3) 3(10.0) 5(16.6) 2(20.0)
Chronic renal failure - n(%) 1(6.6) 0(0.0) 3(10.0) 3(30.0)
Chronic obstructive pulmonary disease - n(%) 0 (0.0) 2 (6.6) 1(33) 3(30.0)*
Chronic heart failure - n(%) 1(6.6) 0(0.0) 2(6.6) 2(20.0)
Immunocompromised - n(%) 0 (0.0 1(3.3) 2 (6.6) 5 (50.0*

Cardio-vascular treatment

ACE inhibitor - n(%) 5(33.3) 2(6.6)" 8(26.6) 1(10.0)
Angiotensin receptor blocker - n(%) 4 (26.6) 1(33) 4(13.3) 2 (20.0)
Delay between onset of symptoms and hospital admission (days) 78+25 73+£32 19+ 13*
ICU scores

SOFA Score - 2.1 £0.6* 43+13 12.1 £3.6%
APACHE Il Score - 4.7 £ 2.6% 127 £3.7 23 +£7.5%

Site of infection

Intra-abdominal infection - n(%) - - - 5(50.0)
Urinary tract infection - n(%) - - - 2(20.0)
Cutaneous infection - n(%) B » N 1(10.0)
Pneumonia - n(%) - - - 2(20.0)
Etiological treatment at inclusion time

Hydroxychloroquine - n(%) - 3(10.0 2(6.6) 0(0.0)
Antibiotics - n(%) - 0 (0.0 0(0.0) 10 (100.0)*
Steroid therapy - n(%) - 22(73.3) 25(83.3) 2 (20.0)*
PaO, / FiO, (mmHg) at inclusion time - 268.7 + 74* 87.7 £285 226.3 + 80.5*
Respiratory support at inclusion time

Conventional oxygen therapy 30 (100.0)* 0(0.0) 1(10.0)
NIV 0(0.0) 4(13.3) 0 (0.0
HFNC 0(0.0* 25 (83.3) 1(10.0)*
MV 0(0.0) 1(3.3) 8 (80.0*
Respiratory support during ICU

NIV alone - n(%) - - 0(0.0) 0(0.0)
HFNC alone - n(%) - - 7 (23.3) 1(10.0)
HFNC / NIV followed by invasive MV - n(%) - - 22 (73.3) 0 (0.0)*
Invasive MV alone - n(%) - - 1(3.3) 8 (80.0)*
ECMO - n(%) 6 (20.0) 0 (0.0
Renal replacement therapy during ICU - 5(16.6) 2(20.0)
Vasopressors during ICU

Within first 3 days - n(%) - - 6 (20.0) 10 (100.0)*
Before sedation - n(%) - - 0(0.0) 10 (100.0)*

Table 1 (Continued)
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Variables Matched control Non-ICU COVID-19 ICU COVID-19 Septic shock
n=15 n=30 n=30 n=10

Outcomes

ICU length of stay (days) - - 389+69 7.5+ 2.4%

Hospital length of stay (days) - 83 £33 491 +£73 20.6 + 4.9*

Mortality - n(%) - 0 (0.0)* 12 (40.0) 3(30.0)

Table 1: Baseline characteristics, comorbidities, adjunctive treatments and outcomes for COVID-19 and septic shock patients.
Data are in mean (+ SD) or n (%), days in mean (+ SEM). BMI = body-mass index. HIV/AIDS = human immunodeficiency virus / acquired immune defi-
ciency syndrome. ACE = angiotensin converting enzyme. ICU = Intensive Care Unit. SOFA score = sepsis-related organ failure assessment. APACHE II
Score = Acute Physiology And Chronic Health Evaluation II Score. PaO, / FiO, = Partial pressure of arterial oxygen to Fraction of inspired oxygen ratio.
HENC = High Flow Nasal Cannula. NIV = Non-invasive ventilation. MV = Mechanical Ventilation. ECMO = Extracorporeal membrane oxygenation. Corticoste-
roids means Dexamethasone (6mg/day during 1o days) for COVID-19 patients and Hydrocortisone (150 mg/day during vasopressors support) for septic shock
patients.

* P < o.05 compared to ICU Covid-19 patients by one-way ANOVA followed by Tukey’s correction for multiple comparisons, normal distribution for com-
parisons between all groups, or by unpaired t-test (for continuous data) or Chi-square test (for discrete data) for comparisons between two groups.
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Figure 2. Oxidative stress in ICU versus non-ICU COVID-19 and septic shock patients.

Datapoints indicate individual measurements whereas horizontal bars show geometric mean (SD) for plasma lipid peroxides (2a),
soluble TREM-1 (2b), plasma Ang Il (2c), plasma Ang Il &= ACEs and ARBs therapy (2d), soluble ACE-2 (2e), Aldosterone (2f) and Renin
(29). * P < 0.05 by one-way ANOVA followed by Tukey's correction for multiple comparisons, normal distribution except plasma
Ang Il and Aldosterone performed by Kruskal-Wallis corrected by Dunn'’s correction for multiple comparisons.

Number of subjects for each analysis. 2a: Controls n = 15, non-ICU COVID-19 n = 30, ICU COVID-19 n = 30, Septic shock
n = 7 (related to an interference with hyperbilirubinemia in 3 patients). 2b: Controls n = 15, non-ICU COVID-19 n = 30, ICU
COVID-19 n = 29, Septic shock n = 10. 2¢-d: Controls n = 15, non-ICU COVID-19 n = 29, ICU COVID-19 n = 28, Septic shock
n = 9. 2e: Controls n = 14, non-ICU COVID-19 n = 27, ICU COVID-19 n = 28, Septic shock n = 10. 2f: Controls n = 14, non-
ICU COVID-19 n = 29, ICU COVID-19 n = 29, Septic shock n = 9. 2g: Controls n = 15, non-ICU COVID-19 n = 28, ICU COVID-
19 n = 29, Septic shock n = 10.

COVID-19 patients, neither thrombocytopenia nor pro-
longed prothrombin time (APTT; expressed as the Inter-
national normalized ratio, INR) were observed, while they
did occur in septic shock patients. COVID-19 patients had
higher levels of vWF antigen (vWF: Ag), and vWF activity
(VWEF: RCo), compared to control subjects; these parame-
ters also appeared to be associated with disease severity.
Compared to controls, ADAMTS13 (A disintegrin and

metalloprotease with thrombospondin type 1 repeats)
activity was lower in the ICU COVID-19 group but not in
non-ICU COVID-19 patients, while lower values were
observed in septic shock patients. The vWEF: Ag to
ADAMTS13 activity ratio was elevated in both COVID-19
groups and related to disease severity and higher values
were observed in septic shock. We observed decreased val-
ues of the endogenous anticoagulants antithrombin (AT)
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Biochemicals values Standard reference Matched control Non-ICU COVID-19 ICU COVID-19 Septic shock
(or mean of the (n=15) (n=30) (n=30) (n=10)
matched group)

Blood count

Haematocrit 38-48% - 405+48 374+57 29.1+66
Neutrophils count 1.6—7.0 x 10°/uL - 49423 61425 155 + 9.6*°
Lymphocytes count 0.8—5 x 10%/pL - 1.1£43% 0.7 £3.1 1.0£56
NLR <16 - 53+£34% 104+78 149+ 85
Platelets counts 150—450 x 10%/uL - 22194872 199.3 + 65.1 119.1 £ 107.6*°

Primary haemostasis

VWF: Ag, % 66—176 148.3 + 50.0*° 3419+ 1268 * 4182+ 1129 4214 +£151.1
VWEF: RCo, % 60—200 114 + 45.4%° 268.2 £ 100.7* 3285+ 885 341.7 £107.4
ADAMTS13 protease activity, % > 40 942 +£7.7* 92.6 £ 6.9* 788 £ 150 426 +187%°
VWF: Ag to ADAMTS13 activity ratio <16 1.6 +06*° 3.7+£14% 54+17 135 4 10.2%°

Coagulation markers

APTT, s 25.1-36.5 - 280+47 304437 485 4 30.5%°
INR 0.8-1.2 - 1.1£0.1 12£0.1 22+ 0.7%°
AT, % 78 — 130 108.2 &= 14* 108.6 £ 19.4* 91.5+ 189 456 +207%°
C protein, % 70—-130 1276 £16.1% 1153 £ 29.5% 945+ 23 39.4 +18*°

Fibrinolysis markers

D-dimer, ng/mL < 500 - 863 £ 642 1169 £ 1442 8820 + 10704*°
Fibrinogen, mg/dL 150 — 450 - 508.5 £ 106.1* 623.6 + 135.0 408.1 + 181.8*°
tPA, pg/mL 1058-7576 5518 & 2956*° 10640 £ 6665* 16697 £ 5781 18317 + 5165°
PAI-1,ng / mL 2.66—69.3 53.6 + 14.2%° M14+£374 92.5+ 443 144.2 £ 108.2

Soluble adhesion molecules

sICAM-1, ng/mL 106—337 280.8 + 69.8* 315.2 £ 94.9* 4182 +95.3 593.6 4 197.7%°
Vasomotor tonus

ET1, pg/mL 0.58-2 2.1+ 0.6* 3.1+ 1.6* 41426 46+28
HbNO, nmol/L > 160 163.3 + 46.7% 161.5 £+ 73.7* 116.1 £ 62.1 451 + 447%°
NOx, uM/L > 60 61.8 + 48.3* 414 4+ 323* 252 +£285 96.8 £+ 100.9%
RAAS axis

SACE2, pg/mL <350 3419 £ 618.5* 659.8 & 863.4 1080.3 £ 1317.3 1820.1 &+ 2150.8
Angiotensin Il fmol/mL 1-20 20+ 1.1%° 0.86 £ 0.6 12+1.0 109 + 17.2%°
Aldosterone, pg/mL 9-272 2844+ 1814 120.3 £ 81.9* 235.1 £ 145.1 295.0 + 119.5°
Aldosterone to Angiotensin Il ratio < 200 198.7 £ 165.0 181.9 £ 157.9 296.4 + 247.6 106.8 + 121.5%°
Renin, pg/mL 2-70 19.7 £13.2 158+ 113 20.0 £22.7 3759 4 685.2°

Endovascular oxidative stress
Plasma lipid peroxidation, mmol/L < 450 436 & 272.1%° 1467.3 + 566.2 1456.0 £+ 400.2 369.3 + 187.6*°
STREM-1, pg/mL <130 127.8 £ 49.2* 111.6 £ 49.8* 2653+ 161.2 608 + 338.3*%°

Table 2: Biochemicals values of patients in different groups at inclusion time.
Data are mean (+ SD) or n (%). Standard reference refers to standard laboratory values or values previously observed in control subjects. NLR= Neutrophil to
Lymphocyte Ratio. VWF = Von Willebrand Factor. vWF: Ag = vWF antigen. VWF:RCo = vWF activity. ADAMTS13 = a disintegrin and metalloprotease with
thrombospondin type I repeats-13. APTT= activated partial thromboplastin time. INR= International Normalized Ratio. AT = antithrombin. tPA = Tissue plas-
minogen activator. PAI-1 = Plasminogen activator inhibitor-1. sSiCAM-1 = soluble intercellular adhesion molecule-1. ET1 = Endothelin 1. HbNO = 5-o-nitrosyl-
hemoglobin. NOx = plasma Nitrite/Nitrate. RAAS = renin-angiotensin-aldosterone system axis. SACE2 = soluble Angiotensin-Converting Enzyme 2. s-TREM-
1 = soluble Triggering receptor expressed on myeloid cells-1.

* P < o0.05 compared to ICU Covid-19 patients.

$ P < 0.05 compared to non-ICU Covid-19 patients by one-way ANOVA followed by Tukey’s correction for multiple comparisons, normal distribution or by
Kruskal-Wallis corrected by Dunn’s correction for multiple comparisons for ADAMST13, APTT, sACE2, Ang II and Aldosterone, not normally distributed. All
analyses were performed after logarithmic transformation.
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Figure 3. NO bioavailability and plasma NOx in ICU versus non-ICU COVID-19 and septic shock patients.

Datapoints indicate individual measurements whereas horizontal bars show geometric mean (SD) for HbNO (3a) and plasma
NOx (3b). * P < 0.05 by one-way ANOVA followed by Tukey's correction for multiple comparisons, normal distribution. Linear regres-
sion analysis between PaO,/FiO, ratio and HoNO (R? = 0.13; P = 0.005) (3¢). Decreased HbNO levels and PaO,/FiO, ratio in 4 COVID-

19 patients requiring secondarily ICU support (3d).

Number of subjects for each analysis. 3a: Controls n = 15, non-ICU COVID-19 n = 30, ICU COVID-19 n = 29, Septic shock n = 10. 3b:
Controls n = 14, non-ICU COVID-19 n = 30, ICU COVID-19 n = 29, Septic shock n = 10. 3c: non-ICU COVID-19 n = 30, ICU COVID-19
n = 30. 3d: ICU COVID-19 initially admitted to the general ward requiring secondarily ICU support n = 4.

and protein C proportional to the severity of the COVID-
19 disease, albeit with values still within the normal range.
These parameters were clearly decreased below the nor-
mal range in septic shock patients. Tissue plasminogen
activator (tPA) was increased in sepsis and COVID-19
patients in proportion to disease severity. All results are
reported in Table 2.

Endothelial cell activation related to severity of COVID-
19

Plasma soluble intercellular adhesion molecule-1
(sICAM-1) increased in ICU compared to non-ICU
COVID-19 patients, while no difference was observed
between this last group and control subjects. Higher val-
ues of SICAM-1 were observed in septic shock patients
compared to COVID-19 patients. Endothelin-1 (ET-1)

levels were higher in ICU COVID-19 patients and septic
shock patients compared to controls. Plasminogen
activator inhibitor-1 (PAI-1) levels were also higher in
both COVID-19 groups and septic shock patients
compared to controls. Full results are reported in
Table 2. Scanning Electron Microscopy clearly illus-
trated the SARS-CoV-2-induced endothelial altera-
tions in lung blood vessels of COVID-19 patients
(Figure 4). Compared to pneumocytes, Transmission
Electron Microscopy imaging suggested damaged but
viable endothelial cells characterized by abnormal
organelles morphology oriented toward viral protein
synthesis (Figure 5). We observed a statistical correla-
tion between the NO-dependent endothelial dysfunc-
tion (defined by lower HbNO) and sSICAM-1 levels, in
hospitalized COVID-19 patients (R* = o.21;
P < 0.0002) (Supplemental Figure 1c).
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Figure 4. SARS-CoV-2-induced endothelial alterations in lung blood vessels of COVID-19 patients.

4. A, B: Scanning Electron Microscopy (SEM) of a cross section of healthy lung inner vessel with red blood cells (*). The luminal
layer is a thin layer, composed of a single continuous layer of endothelial cells, the endothelial wall (Ew) (4A). Zoom of the boxed
region showing the smooth surface of this wall (4B).
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Discussion

The main findings from our study are as follows; i.
COVID-19 infection is uniquely associated with high
vascular oxidative stress, unrelated to hyperactivity of
the RAAS or neutrophil activation, contrary to sepsis; ii.
COVID-19 patients present with reduced HbNO, reflec-
tive of decreased vascular NO bioavailability, that is pro-
portional to disease severity; iii. In these patients,
HbNO is reduced beyond levels observed in a control
group matched for cardiovascular risk factors, suggest-
ing supplemental vascular aggression (but not destruc-
tion), as supported by TEM analysis of the endothelium
of COVID-19 patients; iv. These signs of endothelial
(NO-dependent) dysfunction may explain, at least in
part, the thrombotic microangiopathy complicating
ICU COVID-19 and point to a pathophysiology entirely
different from the disseminated intravascular coagula-
tion commonly observed in sepsis (Figure 6). Accord-
ingly, measurements of vascular HbNO may help to
discriminate between COVID-19 (with low HbNO) and
other septic complications (with high HbNO), as well as
stratify COVID-19 patients for their risk of vascular
complications.

SARS-CoV-2 invades endothelial cells, while subse-
quent endotheliitis characterized by specific markers of
endothelial damage, including von Willebrand factor
(VWE) or thrombomodulin released in the circulation,
is usually associated with critical illness and death*#
and may even predict mortality in COVID-19 patients.”
Before this late stage of endothelial destruction, an
endothelial dysfunction develops in response to the
endothelial “aggression” (e.g. by SARS-CoV-2) result-
ing, in part, in a decrease of the endothelium-derived
NO.?° Indeed, recent data in COVID-19 patients point
to the development of endothelial dysfunction with pro-
found alterations of the microcirculation and the endo-
thelial glycocalyx that were associated with clinical
parameters and outcome.”” The early detection of endo-
thelial dysfunction, however, remains a challenge. Our
technique of electron paramagnetic resonance spectros-
copy that directly measures HbNO as an index of vascu-
lar NO bioavailability, allowed us our to confirm a true
NO-dependent endothelial dysfunction during COVID-
19. This endothelial dysfunction is characterized by a
decrease of HbNO proportional to COVID-19 severity
associated with an increased oxidative stress, and in the
absence of measurable overactivation of the RAAS or
extensive endothelial damage.

Our study shows an association of moderate endoge-
nous anticoagulants consumption, increased fibrinogen
and D-dimer values that parallel COVID-19 severity,
without disseminated intravascular coagulation as such.
We confirmed the hypercoagulable state during
COVID-19 with an increase of plasma von Willebrand
factor (VWF) levels and activity related to COVID-19
severity”® combined with an vWF:Ag to ADAMTS13
activity ratio more pronounced in ICU COVID-19
patients,”® but not to the level of sepsis patients. All
these findings support at least a sustained endothelial
activation proportional to COVID-19 severity and
above all, distinct from systemic acute exacerbated
inflammation as observed during sepsis. As already
published, ICU COVID-19 patients presented more
cardiovascular ~ comorbidities  than  non-ICU
patients.>® However, the pathophysiological link
between these comorbidities and the severity of
COVID-19 illness is still a matter of debate. Notably,
endothelial dysfunction is a common hallmark of all
these cardiovascular risk factors®' and a key player in
these related coagulopathies.**?* This prompted us
to further investigate the endothelial function during
SARS-CoV-2 infection. While a causal link remains
to be proven, the additional endothelial aggression
related to SARS-CoV-2 infection combined with a
pre-existing microcirculatory injury in patients with
cardiovascular comorbidities would explain their pro-
pensity to develop critical COVID-19.

Endothelial dysfunction and increased thromboge-
nicity classically stem from an imbalance between nitric
oxide (NO) produced by the endothelial nitric oxide syn-
thase (eNOS) and reactive oxidant species (ROS) pro-
duced by NADPH oxidase (NOX)-2 or uncoupled
eNOS.>* Previous work showed that venous erythrocyte
levels HbNO measured by low temperature electron
paramagnetic resonance (EPR) spectroscopy mainly
reflect the bioavailability of NO formed in the vascula-
ture from vascular endothelial NOS or exogenous NO
donors,”® with minor contribution from erythrocyte
NOS.® We previously showed that HbNO measure-
ments are directly correlated with vascular endothelial
function measured by digital micro plethysmography.*®
While eNOS constitutively produces physiological levels
of vascular NO from the endothelium, the inducible NO
synthase (iNOS) is expressed under inflammatory stim-
uli in many parenchymal cells and leucocytes to pro-
duce much larger amounts of NO.

4. C—F: Cross-section of lung inner vessels of ICU COVID-19 patients. Blood vessel showing the presence of several leukocytes
(Lk) and red blood cells (*) with irregular aspect of the endothelial wall (4C). Zooms of the boxed region highlighting the irregular
aspect of the endothelial wall (Ew) due to a fibrillar network (arrow) of fibrin depots (4D-E). Large view of a vessel showing activated
platelets (P), red blood cells (*), neutrophils and associated NETs and the dramatic fibrillar aspect of the endothelial wall contributed

mainly by fibrin depots (4F).

Digital zoom; Bars, A, B, C, D: 5 um; E: 2 um: F: 10 pm. *: red blood cells; Lk: leukocytes; Ew: Endothelial wall; P: platelets; arrow

heads: fibrin; N+n: Neutrophils and NET.
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Figure 5. SARS-CoV-2 replication compartments in lung samples of ICU COVID-19 patients.

5. A—F. Pneumocytes. Transmission electron Microscopy (TEM) image of a control sample showing the normal morphology of a
pneumocyte type 1 (5A). TEM images of damaged pneumocytes type 1 and type 2 (Pn T1, PnT2, respectively), from patients infected
by SARS-CoV-2 coronavirus and showing virus replication compartments (5B to 5F). Pneumocytes contained abnormal swollen mito-
chondria with loss of cristae (M) (5B-D-E) and lipid droplets (LD) accumulation (5D). Pneumocytes contained typical membranous
structures associated to coronavirus replication, such as double-membranes spherical vesicles (DMV), containing fibrous material

www.thelancet.com Vol 77 Month March, 2022
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Figure 6. Endothelial function reflected by the level of the 5-a-nitrosyl-hemoglobin (HbNO).

Endothelial nitric oxide (NO) is the pivotal endothelium-derived substance that reduces platelet aggression and adhesion, inhib-
its adhesion of leukocytes and expression of pro-inflammatory cytokine genes. 5-a-nitrosyl-hemoglobin (or HoNO) is measured in
venous erythrocytes but is mainly influenced by the vascular NO sources (despite expression of an erythrocyte NOS) and is used as
a surrogate for the NO-dependent endothelial function. (A, Upper) A healthy endothelium is represented with high venous erythro-
cyte levels of HbNO. (B, lower) Classically, NO-dependent endothelial dysfunction is defined as an imbalance between the Nitric
Oxide (NO) bioavailability and reactive oxidant species (ROS). A decrease of the endothelium-derived NO is observed in response to
an endothelial “aggression” related to the SARS-CoV-2 invasion with a pronounced oxidative stress leading to a decreased NO bio-
availability. This severe NO-dependent endothelial dysfunction is reflected by decreased venous erythrocyte levels of HbNO. Such
alteration could participate to the microvascular dysfunction observed in COVID-19 patients characterized by a hypercoagulable
and a pro-inflammatory state with expression of pro-inflammatory cytokines and adhesion molecules, but without DIC as such. RBC:
red blood cells - erythrocyte, Lk: leukocyte, Ptl: platelet.

Our present observations indicated a significant
decrease of venous blood HbNO reflective of endothelial

patients suffering from septic shock, a paradigmatic dis-
ease with cytokine-dependent induction of iNOS, exhib-

dysfunction that parallels COVID-19 severity. In ICU
COVID-19 patients, HbNO decreased below values
observed in the control group with similar cardiovascu-
lar risk factors, suggesting that these low values cannot
solely be explained by these comorbidities. Conversely,

ited increased HbNO values. These original data are
consistent with the pivotal role of exacerbated NO pro-
duction, reflected by blood HbNO levels, in sepsis-
induced vasoplegia. These high HbNO values in septic
shock are in line with experimental studies in

(dsRNA) in their lumen and attached ribosomes at their external surface; due to their rough-endoplasmic reticulum (ER) origin and
intensive genome virus replication (5B-C-E-F). DMVs were bridged by convoluted ER-derived membranes (CM) characteristic of the
above-mentioned SARS-CoV-2 replication compartments (5B-C-E-F). Arrow, SARS-CoV-2 virion. Bars, A, D: 2 um; B, C, E, F: 500 nm.

5. G, H: Mature SARS-CoV-2 virions. Typical morphology of coronaviruses with its crown of spike trimers. Diameters including
the crowns: G, 191.4 nm; H, 189.3 nm. Bar, 150 nm.

5. 1—M: Endothelial cells. TEM image of a control sample showing the normal morphology of a lung endothelial cells (51, J). TEM
images of lung endothelial cells from patients infected by SARS-CoV-2 coronavirus (5K—M). Despite the cell death of subjacent
pneumocytes type | and type 2, endothelial cells (EC) retain swollen but active mitochondria with decrease in the electron density
of their matrix (M) and transcytosis (Tc) activity, as evidenced by the massive caveolae and vesicle intracellular trafficking. Endothe-
lial cells expressed abundant ribosomes expression associated with a large surface area of rough endoplasmic reticulum and Golgi
apparatus (5K-L-M). Virus replication compartments in a type 2 pneumocyte subjacent to an EC (5M); note the detachment of the
Pn T2 from the LP and the abnormal mitochondria. Bars, |, J, L, M: 1 im; K: 500 nm.

LD, lipid droplets; DMV, Double membrane vesicles surrounded by ribosomes; CM, convoluted membranes; M, mitochondrion;
N, nucleus; RBC, red blood cell; ER, rough endoplasmic reticulum; LP, lamina propria; Tc, transcytosis; Lu, blood vessel lumen. Pn T1,
pneumocytes type 1; Pn T2, pneumocytes type 2; EC, endothelial cells.
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animals®’?® but, to our knowledge, were never verified
in any human study. Changes in HbNO levels were cor-
roborated by measurements of circulating nitrite/nitrate
(NOx) levels which represent an overall estimation of
the endothelial NO formation.>® This decreased NO pro-
duction may also explain the lower need for vasopressor
administration in our ICU COVID-19 patients, a find-
ing confirmed by others.*® Moreover, endothelial dys-
function is thought to be involved in the pathogenesis
of ARDS (Acute Respiratory Distress Syndrome)*" while
we found that the only validated severity marker of hos-
pitalized COVID-19 patients, i.e. hypoxemia, was corre-
lated with HDNO levels. Interestingly, COVID-19
patients initially admitted to the ward and later trans-
ferred to the ICU displayed decreasing levels of HbNO,
possibly reflective of an evolving endothelial dysfunc-
tion over time.

As relevant additional markers of endothelial activa-
tion that may participate to the hypercoagulable state,
we observed an increase in sSICAM1, an endothelial-leu-
kocyte adhesion molecule, but also in PAI-1, the main
physiologic inhibitor of fibrinolysis and particularly, ET-
1, also known to be under the control of endothelium-
derived NO** in proportion to COVID-19 severity.

From a clinical point of view, endothelial dysfunc-
tion during COVID-19 occurs without global hemody-
namic instability; rather, it induces a microcirculation
failure causing tissue hypoperfusion, inflammation
with increased leucocytes trafficking, platelets aggrega-
tion and microvascular thrombosis. The lack of benefit
observed in the latest therapeutic anticoagulation trials
in ICU COVID-19 patients** could be explained by the
degree and the timing of anticoagulation in relation to
disease course, but perhaps mostly by its reductive
nature limited only to the treatment of hypercoagulabil-
ity. A more specific, endothelial-targeted strategy to
attenuate the oxidative stress and/or increase the NO
bioavailability, as previously suggested"®"" may be more
efficient, but is currently missing.

This endothelial dysfunction may well result from
the oxidative stress, reflected by increased plasma lipids
peroxides measured in COVID-19 groups. Notably,
ROS as such also participate to the pathophysiology of
ARDS.** Indeed, an exacerbated imbalance of the redox
status, measured as an increased characteristic breath-
print of volatile organic compounds related to oxidative
stress, was specifically observed in ARDS patients with
COVID-19 compared to ARDS from other causes.*’ Fur-
ther, another study observed a complete depletion of the
vascular antioxidant enzymatic resources in ICU
COVID-19 patients.*® In our study, the plasma lipids
peroxides values were well above those observed in con-
trol subjects with cardiovascular risk factors, including
metabolic syndrome, suggesting a strong oxidative
stress during COVID-19. We did not observe high levels
of lipid peroxidation in septic shock, commonly associ-
ated with massive inflammation-induced ROS
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production,*” although we did measure a clear increase
in STREM-1 reflective of neutrophilic polymorphonu-
clear (PMN) activation and phagocytosis. These results
are in line with previous studies that found no increase
in lipid peroxidation in patients suffering from septic
shock.*® STREM-1 participates in the sepsis-induced
activation of NOX-2 during the respiratory burst of acti-
vated PMN involved in the host defense against patho-
gens.*? As we measured low values of sTREM-1, a
putative role of respiratory burst, commonly present in
classical bacterial infection, in the prevailing oxidative
stress in COVID-19 seems unlikely. These results con-
cerning oxidative stress do not exclude an active role of
PMN during COVID-19, specifically through the release
of neutrophils extracellular traps (NETs).”®

Another classical activator of vascular NOXz2 is the
RAAS system. Our results confirm a decreased plasma
angiotensin II levels in ICU COVID-19 patients®" that
we now compared to adequately matched control sub-
ject using a well-validated, quantitative detection tech-
nique. Decreased levels of Ang II may be explained
either by a decrease of its upstream generation or
increased degradation. A major degradation pathway is
ACE2, which is the target of the SARS-CoV-2 Spike pro-
tein. Cellular entry of SARS-CoV-1 particles upregulates
ACE2 cleavage resulting in transmembrane ACE2 tis-
sue shedding, leading to increased soluble ACE2.*
Accordingly, we found an increased concentration of
soluble ACE2 in both COVID-19 patients groups. While
this could not be measured directly, this finding may
reflect a corresponding decrease in membrane-bound
ACE2, during acute phase of SARS-Cov-2 infection,
which would result in unopposed Ang II signalling in
target cells. Our observation that the plasma aldosterone
to Ang II ratio in COVID-19 patients is comparable to
that in matched control subjects at least indirectly sug-
gests unaltered sensitivity of the ATIR to Ang II. In
addition, the known downregulation of the ATIR
expression due to Ang II rise associated with relative
low aldosterone levels classically described in septic
shock’* was not observed in ICU COVID-19 patients.
These findings argue against increased Ang II metabo-
lism as a potential explanation of the lowered Ang II lev-
els in COVID-19 patients. The putatively decreased
membrane-linked ACE2 may also impact the local for-
mation of protective peptides, Ang 1—7 and Ang 1—9.
However, the already low values of plasma Ang II pre-
cluded measurement of these peptides as their levels
are far below those of Ang I1.°

As for upstream activation of the RAAS, data
reported a decreased ACE activity correlated to severity
in COVID-19 patients’® as in COVID-unrelated
ARDS.”” Such attenuated ACE activity that is correlated
to pulmonary endothelial function’® could reflect a gen-
eral endothelial dysfunction as displayed in our ICU
COVID-19 patients. We also found unaltered plasma
concentrations of renin in COVID-19 patients, arguing
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against an overall increased RAAS activity. This is com-
patible with the usual absence of circulatory shock
(which would otherwise activate renin production) even
in ICU COVID-19 patients and the putatively preserved
ATIR sensitivity (maintaining the negative feedback on
renin secretion). Conversely, plasma renin was
increased in sepsis patients, in parallel with their devel-
opment of vasoplegia. Likewise, these patients had
increased Ang II levels, as well as ACE2 shedding as
expected.’® The most plausible explanation of our find-
ings would be a decrease in ACE activity correlated to
endothelial dysfunction combined with unaltered renin
levels.

Given the absence of RAAS activation in COVID-19
patients, other sources of ROS should be considered.
Our finding of increased plasma ET-1 levels in ICU
COVID-19 patients, combined with the fact that ET-1
increases ROS production from NADPH oxidase activa-
tion and NOS uncoupling,’® would point to ET-1 as a
putative player. Furthermore, respiratory viruses
including coronavirus also induce endosomal ROS
production via NOX2 activation.®’ Lipid droplets
accumulation as observed in our Transmission Elec-
tron microscopic (Figure 5) analysis of both lung
microvascular endothelial cells and epithelial cells
after SARS-CoV-2 invasion may well promote oxida-
tive stress through increased fatty acid beta-oxidation
by dysfunctional mitochondria.®*

Limitations of the study

While the monocentric aspect of our trial could be
debated, it allows a more homogeneous sample collec-
tion, while limiting the risk of batch effects particularly
for HbNO measurements. However, the replication of
these findings in other populations would be important.
The ICU COVID-19 group is not homogenous in terms
of specific treatments, as five patients did not receive
Dexamethasone because their inclusion was performed
before the results of the Recovery Trial. As this is an
exploratory study, we did not define an a-priori specific
number of patients. The relatively small number of
patients included in our trial should also be mentioned.
In addition, we limited our analyses to a single time
point and were unable to provide any evolution over
time (except for HbNO in limited cases for patients
requiring secondarily ICU support). Septic shock is
known to present specific coagulopathies and was cho-
sen as a comparator to show distinctive pathogenic fea-
tures during SARS-CoV-2 infection. However, the
unbalanced number of patients compared to the two
ICU groups could limit the generalizability of some of
the results. Given the reduced availability of samples
after Ang II dosage in COVID-19 patients, we did not
measure other angiotensin metabolites. Also, we did
not measure ACE/ACE2 expression in post-mortem
lung tissues; however, as this would have entailed

confounding effects due to secondary infections related
to refractory multiple organ failure, we decided not to
do so. Finally, the correlations presented from our
observations are modest and suggest, but do not estab-
lish, the pathogenic role of the factors involved, which
should be demonstrated in future mechanistic studies.

Conclusion

We showed that, at the initial stage of the disease,
COVID-19 patients present a hypercoagulable state
combined with a pronounced NO-dependent endothe-
lial dysfunction in proportion to disease severity and
enhanced oxidative stress that is not associated with an
overactivation of the renin-angiotensin-aldosterone sys-
tem or the respiratory burst. Although our data cannot
prove causality, a correlation between NO bioavailability
and oxygenation parameters is observed in hospitalized
COVID-19 patients. Conversely, patients suffering from
sepsis-induced vasoplegia present an opposite hemody-
namic profile with exacerbated NO production. These
results highlight an urgent need for oriented research
to enhance our understanding of the endothelial oxida-
tive stress that may promote both the NO-dependent
endothelial dysfunction and the Acute Respiratory Dis-
tress Syndrome in severe COVID-19. They also point to
the use of HbNO as an early marker of NO-dependent
endothelial dysfunction which may be extended in
future studies to stratify COVID-19 patients for their
risk of vascular and lung complications.
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