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Summary

Endothelial cell (EC) activation plays a key role in the pathogenesis of pulmonary
microvascular occlusion, which is a hallmark of severe coronavirus disease 2019
(COVID-19). Consistent with EC activation, increased plasma von Willebrand factor
antigen (VWF:Ag) levels have been reported in COVID-19. Importantly however,
studies in other microangiopathies have shown that plasma VWF propeptide
(VWFpp) is a more sensitive and specific measure of acute EC activation. In the pre-
sent study, we further investigated the nature of EC activation in severe COVID-19.
Markedly increased plasma VWF:Ag [median (interquatile range, IQR) 608-8 (531—
830)iu/dl] and pro-coagulant factor VIII (FVIII) levels [median (IQR) 261-9 (170—
315) iu/dl] were seen in patients with severe severe acute respiratory syndrome coro-
navirus-2 (SARS-CoV-2) infection. Sequential testing showed that these elevated
VWEF-EVIII complex levels remained high for up to 3 weeks. Similarly, plasma
VWFpp levels were also markedly elevated [median (IQR) 324-6 (267-524) iu/dl].
Interestingly however, the VWFpp/VWE:Ag ratio was reduced, demonstrating that
decreased VWF clearance contributes to the elevated plasma VWF:Ag levels in severe
COVID-19. Importantly, plasma VWFpp levels also correlated with clinical severity
indices including the Sequential Organ Failure Assessment (SOFA) score, Sepsis-
Induced Coagulopathy (SIC) score and the ratio of arterial oxygen partial pressure to
fractional inspired oxygen (P/F ratio). Collectively, these findings support the
hypothesis that sustained fulminant EC activation is occurring in severe COVID-19,
and further suggest that VWFpp may have a role as a biomarker in this setting.

Keywords: coagulopathy, SARS-CoV-2, COVID-19, VWEF propeptide, en-
dothelium.
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Introduction

Coronavirus disease 2019 (COVID-19), caused by the severe
acute respiratory syndrome-coronavirus-2 (SARS-CoV-2),
was initially described in China in December 2019." Subse-
quently, this virus has spread around the world, resulting in
>1-1 million deaths. In some patients, SARS-CoV-2 infection
leads to a severe bilateral pneumonia and significant hypoxia
that is refractory to standard treatments. Coagulation activa-
tion is a hallmark of severe COVID-19.>* This coagulopathy
develops at a relatively early stage. Consequently, D-dimer
levels are often significantly elevated at time of initial presen-
tation and represent an independent marker for poor clinical
outcome.” Consistent with coagulation activation, high rates
of deep vein thrombosis and pulmonary embolism have been
associated with severe SARS-CoV-2 infection, particularly in
patients requiring intensive care unit (ICU) support.* In
addition to these macrovascular complications, accumulating
evidence suggests that microvascular occlusion within the
lungs plays a critical role in COVID-19 pathogenesis. Impor-
tantly, post-mortem studies have shown widespread micro-
thrombi throughout the pulmonary vasculature in patients
with fatal COVID-19.> The biological mechanisms underlying
this lung-centric vasculopathy have not been clearly defined.
In normal blood vessels, the endothelial cell (EC) mono-
layer lining blood vessel functions to prevent pathological
thrombosis. Data from autopsy studies in COVID-19 have
identified marked EC apoptosis, together with loss of EC
tight junction integrity in the pulmonary microvasculature.’
These data are interesting given that the angiotensin-convert-
ing enzyme 2 (ACE-2) receptor used by SARS-CoV-2 to gain
cellular entry is expressed on EC. Moreover, electron micro-
scopy studies have shown SARS-CoV-2 viral particles within
pulmonary EC, suggesting that direct pulmonary EC infec-
tion may be important in triggering COVID-19 associated
vasculopathy.® Other mechanisms that may exacerbate EC
damage in severe COVID-19 include pro-inflammatory cyto-
kine generation, complement activation and severe hypoxia.
Recent studies have reported that plasma von Willebrand
factor (VWF) levels are significantly increased in patients
with COVID-19.” In vivo, VWF biosynthesis is limited to EC
and megakaryocytes.® VWF synthesised within megakary-
ocytes is stored within the o-granules of their platelet pro-
geny. Conversely, VWEF synthesised in EC 1is either
constitutively secreted into the plasma, or else stored within
Weibel-Palade bodies (WPB). This stored VWF can then be
secreted following EC activation, thereby facilitating tethering
of platelets and leucocytes to the vessel wall. Importantly,
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ultra-large VWF multimers have been shown to play a criti-
cal role in the pathogenesis underlying microvascular occlu-
sion in several conditions including thrombotic
thrombocytopenic purpura (TTP), cerebral malaria and
sickle cell disease.” In the present study, we sought to further
investigate the nature of EC activation in patients with severe
COVID-19 and in particular to characterise the biological
mechanisms responsible for the markedly elevated plasma

VWE levels seen in these patients.

Methods

Consecutive adult patients with COVID-19 admitted to the
ICU in Beaumont Hospital were recruited between 21
March and 6 May 2020. Inclusion criteria were adults aged
>18 years with a positive SARS-CoV-2 polymerase chain
reaction test. The study was approved by the Beaumont
Hospital Research Ethics Committee. Assent to participate
in the study was obtained initially from the next of kin if
patients lacked capacity and informed consent was retro-
spectively obtained where possible from participants once
capacity was regained. Criteria for ICU admission were
defined as progressive respiratory failure requiring invasive
mechanical ventilation with or without the need for addi-
tional organ support including haemodialysis. All patients
received low-molecular-weight heparin thromboprophylaxis
as part of standard of care with dose adjustment for weight
and renal function. Epidemiological, demographic, treat-
ment and outcome data were derived from the ICU elec-
tronic patient record using a standard data collection form.
Clinical severity scores including arterial oxygen partial
pressure (PaO,)/fractional inspired oxygen (FiO,) or P/F
ratio, Sequential Organ Failure Assessment (SOFA) and
Sepsis-Induced Coagulopathy (SIC) scores were recorded
daily. For each patient, samples were collected following
admission and throughout the subsequent ICU stay. All
haemostasis testing was performed in the Haemostasis Lab-
oratory, Beaumont Hospital. Assays included prothrombin
time, activated partial thromboplastin time, factor VIII
activity (FVIIL:C), fibrinogen and D-dimer levels. Additional
coagulation parameters including plasma VWF:Ag and VWF
propeptide (VWFpp) were measured using specific enzyme-
linked immunosorbent assays as previously described.”
Patient subgroups, normally and non-normally distributed
quantitative data were compared using the Student’s t-test
and Mann—Whitney U-test respectively. All data are pre-
sented as median and interquartile range (IQR). A P < 0-05
was considered statistically significant and data were
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analysed using GraphPad Prism, version 8 (GraphPad Soft-
ware Inc., La Jolla, CA, USA).

Results and discussion

A total of 28 patients (22 males and six females) were
enrolled in the study, with a median (range) age of 55 (27—
75) years (Table S1). In all, 20 patients (71-4%) were Cau-
casian, five (17-9%) were Asian, and three patients (10-7%)
were of Roma ethnicity. Underlying comorbidities were iden-
tified in 23 (82-1%) of the cohort, with obesity (body mass
index > 30 kg/mz; 60-7%), hypertension (50%) and chronic
pulmonary disease (25%) being the most common. At time
of writing, 23 patients (82%) had recovered and were dis-
charged from hospital, with mean (range) length of ICU and
hospital stay of 24 (3-56) and 39-4 (6-125) days respectively.
Two patients remain in hospital and three patients have died.
Despite thromboprophylaxis, six patients (21-4%) had a radi-
ologically confirmed venous thrombotic event. In terms of
clinical severity, the median (range) SOFA score was 8 (3—
14) and the median (range) P/F ratio was 19 (8-39) kPa at
time of ICU admission. No patient fulfilled criteria for dis-
seminated intravascular coagulation (DIC) or SIC according
to the International Society on Thrombosis and Haemostasis
(ISTH) DIC/SIC criteria (Table S1).

In keeping with previous studies, plasma VWF:Ag levels
were markedly increased following admission to ICU [me-
dian (IQR)365-3 (270-8-568.2) iu/dl] in patients with severe
COVID-19 requiring ICU support (Fig 1A). To further
investigate the mechanism(s) underlying this observation,
VWE:Ag levels were sequentially assessed in our cohort over
the course of their ICU admission. We observed that plasma
VWE:Ag levels increased significantly during ICU stay, peak-
ing at a median (IQR) of 690-2 (467-848.4) iu/dl (Fig 1A).
Thus, VWF levels measured during each time period were
significantly higher compared to those on ICU days 1-5
(P < 0-05). Importantly, plasma VWF:Ag levels remained
markedly elevated in all patients studied, even after 3 weeks
in the ICU. Given that WPB stores within EC are limited,
these novel data clearly show that severe SARS-CoV-2 infec-
tion is associated with a major sustained increased in VWF
biosynthesis within EC.

In normal plasma, VWF circulates in a high affinity com-
plex with pro-coagulant FVIIL. Recent studies have shown
that plasma FVIIL:C is predominantly derived from hepatic
EC.'"'? Plasma FVIILC levels were also increased in patients
with severe COVID-19 requiring ICU support (Fig 1B). Con-
sistent with plasma VWF:Ag levels, FVIIL:C levels rose signifi-
cantly after 5 days in the ICU, but then remained
consistently elevated for weeks (Fig 1B). Interestingly how-
ever, the absolute increase in plasma FVIII:C [median (IQR)
261-9 (170-315.7) iu/dl] was significantly lower than the rise
seen in plasma VWF:Ag levels over the same time course.
Consequently, the normal FVIIL.C/VWEF:Ag ratio of 1 was
significantly reduced in patients with severe COVID-19
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throughout their ICU admission (Fig 1C). Cumulatively,
these data are consistent with the concept that pulmonary
EC are a key source of VWF, whereas hepatic EC are more
important for FVIII biosynthesis. In addition, these findings
further highlight the predominantly pulmonary-centric nat-
ure of COVID-19 vasculopathy.

During post-translational modification within EC, a large
741 amino acid VWFpp is cleaved from each VWF mono-
mer."” Consequently, mature VWF and VWFEpp are secreted
from EC into the plasma in equimolar amounts. Moreover,
VWF and VWFpp are also stored in equimolar concentra-
tions within WPB, and are released together following EC
activation. Previous studies have measured plasma VWFpp
levels to gain important insights into EC activation in a
number of microangiopathies (e.g. TTP and cerebral malar-
ia).” We observed that plasma VWEFpp levels were markedly
increased in ICU patients with severe COVID-19 (Fig 1D).
Similar to plasma VWF:Ag levels, the VWFpp levels also
remained consistently elevated throughout the ICU admis-
sion (Fig 1D). These novel findings support the hypothesis
that SARS-CoV-2 results in a fulminant and persistent EC
activation. Indeed, the absolute plasma VWF:Ag and VWFpp
concentrations seen in severe COVID-19 are higher than
those previously reported in patients with cerebral malaria,
which is also associated with marked acute EC activation and
microangiopathy.’

In previous studies, we and others have used the VWFpp
to VWEF:Ag ratio (VWFpp/VWEF:Ag) to identify patients with
increased or decreased VWF:Ag clearance rates.'”'* For
example, a VWFpp/VWEF:Ag ratio of >3 has been used to
define patients with type 1 von Willebrand disease (VWD)
due to pathological enhanced clearance (type 1C VWD).
Interestingly, the VWFpp/VWF:Ag ratio was consistently
reduced in the majority of patients with COVID-19 across
the time course of their ICU admission, suggesting reduced
VWF clearance (Fig 1E). Accordingly, estimated plasma
VWE half-lives were significantly increased in all patients
(Fig 1F). The biological mechanisms responsible for this
attenuated VWF clearance remain unknown, but altered gly-
cosylation of VWF derived from lung EC has previously been
described in patients with pulmonary hypertension.'>'® Alto-
gether, these data suggest that, in addition to the acute EC
activation and enhanced VWF biosynthesis, reduced VWF
clearance rates further contribute to the markedly increased
plasma VWEF:Ag levels seen in severe COVID-19.

Recent data suggest that elevated plasma VWEF:Ag levels
may be useful in identifying patients with COVID-19 who
have a poor prognosis.” Importantly however, previous stud-
ies have shown that plasma VWFpp levels constitute a more
sensitive and specific measure of acute EC activation.'”'®
VWEpp levels offer a number of important advantages over
VWF:Ag in this context. First, VWFpp has a much shorter
plasma half-life (~2 vs. 12 h).13 Second, unlike mature VWF,
plasma VWEFpp levels are not influenced by ABO blood
group. Consequently, we examined whether plasma VWFpp
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Fig 1. Plasma von Willebrand factor antgen (VWF:Ag), VWF propeptide (VWFpp ) and FVIIL:C levels in patients with severe coronavirus disease
2019 (COVID-19). Sequential samples were collected from patients with severe COVID-19 following their admission to the Intensive Care Unit
(ICU). Data are presented as median and the interquartile range unless otherwise stated. Dotted lines represent the upper and lower limits of the

local normal range (*P < 0-05).

levels correlated with established markers of clinical severity
tools in our present cohort. In patients with COVID-19 who
progressed to develop objectively confirmed venous throm-
boembolic complications and/or fatal outcomes, a progres-
sive increase in plasma VWFpp but not VWF:Ag levels was
observed over time (Fig 2A, B). Furthermore, significant cor-
relations with VWFpp were also observed with the SOFA
score, SIC score and the P/F ratio on admission and on fol-
low-up across disease course (Fig 2C-E). Further studies will
be required to determine whether VWFpp may have a role as
a novel biomarker in severe COVID-19.
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In conclusion, our present findings demonstrate that sev-
ere COVID-19 is associated with profound EC activation.
Consequently, plasma VWF:Ag and VWFpp levels remain
markedly elevated during the course of the disease. These
data underscore the central roles played by endothelialitis
and pulmonary microvascular occlusion in the pathogenesis
of COVID-19. In addition, the data raise the intriguing ques-
tion as to whether VWF high molecular weight multimers
secreted in response to acute EC activation within the lungs
may be directly involved in triggering the pulmonary
microangiopathy.
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Fig 2. Plasma VWF propeptide (VWEpp) levels correlate with coronavirus disease 2019 (COVID-19) severity. (A, B) Plasma VWFpp levels were
significantly higher in patients with COVID-19 who developed venous thrombosis (VTE) or those who died (RIP) compared to survivors without
VTE. In contrast, plasma von Willebrand factor antgen (VWF:Ag) levels were similar. (C-E) Plasma VWFpp levels correlated with established
markers of COVID-19 severity [Sequential Organ Failure Assessment (SOFA) score, Sepsis-Induced Coagulopathy (SIC) score and ratio of arterial

oxygen partial pressure to fractional inspired oxygen (P/F ratio)].
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