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Abstract

Background: Critically ill patients with coronavirus disease 2019 (COVID-19) are prone
to developing macrothrombosis and microthrombosis. COVID-19 has been reported
to be rarely associated with thrombotic microangiopathies. A disintegrin and met-
alloprotease with thrombospondin type | repeats, member 13 (ADAMTS13) severe
deficiency, the hallmark of thrombotic thrombocytopenic purpura (TTP), induces the
formation of platelet, unusually large von Willebrand factor (VWF) multimer micro-
thrombi. In immune-mediated TTP, ADAMTS13 adopts specifically an open confor-
mation. The VWF/ADAMTS13 couple may contribute to the microthrombi formation
in pulmonary alveolar capillaries in COVID-19.

Obijective: To investigate clinical features, hemostatic laboratory parameters, VWF/
ADAMTS13 axis, and ADAMTS13 conformation in critically ill COVID-19 patients at
admission.

Methods: Fifty three critically ill COVID-19 patients were enrolled between March 18
and May 9 2020 in a monocentric hospital.

Results: The median age was 59 years and the male-to-female ratio was 2.8/1. We re-
ported seven pulmonary embolisms and 15 deaths. Biological investigations showed
increased fibrinogen and factor V levels, and strongly increased D-dimers correlated
with mortality. No patient presented severe thrombocytopenia nor microangiopathic
hemolytic anemia. An imbalance between high VWF antigen levels and normal or
slightly decreased ADAMTS13 activity levels (strongly elevated VWF/ADAMTS13
ratio) was correlated with mortality. Three patients had a partial quantitative defi-
ciency in ADAMTS13. We also reported a closed conformation of ADAMTS13 in all
patients, reinforcing the specificity of an open conformation of ADAMTS13 as a hall-
mark of TTP.
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1 | INTRODUCTION

ADAMTS13 (a disintegrin and metalloprotease with thrombospon-
din type | repeats, member 13) is the specific cleaving protease for
von Willebrand factor (VWF), a multimeric glycoprotein released in
blood from endothelial cells and that mediates platelet adhesion and
aggregation.! Under physiological conditions, ADAMTS13 regulates
the size of VWF multimers to prevent platelet-rich thrombi formation
in the blood microvessels and it circulates in a closed conformation
through a CUB-spacer (complement component Clr/Cls, Uegf, and
bone morphogenic protein 1) domains interaction, which is tempo-
rarily disrupted upon binding to VWEF.2 The pathologic development
of autoantibodies to ADAMTS13 induces a severe ADAMTS13 defi-
ciency (activity <10 IU/dl), leading to the accumulation of ultralarge
VWF multimers and subsequent systemic microvascular thrombosis
that causes a specific thrombotic microangiopathy (TMA) named
immune-mediated thrombotic thrombocytopenic purpura (iTTP).
Moreover, specifically in acute iTTP, ADAMTS13 adopts a sustained
open conformation, likely mediated by ADAMTS13 autoantibod-
ies.?® In addition, bacterial and viral infections are triggers of TTP
but their role on ADAMTS13 conformation is not known yet.
Interestingly, a high frequency of both macrovascular and micro-
vascular thrombosis affecting lungs, kidneys, heart, and potentially
complicated by multiorgan failure has been reported in prospective
cohort studies led in critically ill patients with coronavirus disease
2019 (COVID—19).4'6 This novel coronavirus, termed severe acute re-
spiratory syndrome coronavirus 2 (SARS-CoV-2), binds to angiotensin-
converting enzyme 2, highly expressed in lung alveolar cells but also in
the vascular endothelium.® The aggression of the endothelial host cells
by SARS-CoV-2 explains both the endotheliopathy and the thromboin-
flammation processes supporting thrombotic microvascular events.®
Since 2020, to further understand the pathophysiology for
SARS-CoV-2-related microthrombosis, several studies have fo-
cused on the VWF/ADAMTS13 axis in COVID-19 patients admitted
on general wards and/or intensive care units (ICUs).”*2 In sum-
mary, most results converge to an imbalance between VWF and
ADAMTS13 showing markedly increased VWF antigen levels and
VWEF collagen-binding capacity but normal or slightly decreased
ADAMTS13 activity,” ** resulting in the formation of large VWF mul-
timers,ls'18
mortality.” 221> This VWF/ADAMTS13 imbalance may support
the concept of a secondary TMA-like syndrome potentially present

with the latter biomarkers sometimes correlating with

Conclusion: We suggest that slightly decreased or normal ADAMTS13 activity and
highly elevated VWF are rather biomarkers reflecting both the strong inflamma-

tion and the endothelial damage rather than drivers of the thrombotic process of

ADAMTS13, ADAMTS13 conformation, COVID-19, thrombotic microangiopathy, von

Essentials

e High frequency of macrovascular and microvascular
thromboembolic events is reported in COVID-19.

e von Willebrand factor/ADAMTS13 ratio is strongly el-
evated and correlated to mortality in COVID19.

e ADAMTS13 conformation is closed in severe COVID-19
in contrast to immune-mediated TTP.

o VWF and ADAMTS13 are biomarkers of endotheliopa-
thy in COVID-19.

in some critically ill COVID-19 patients and contributing to the mi-
crothrombi formation in pulmonary alveolar capiIIaries.g’“'is'19
Surprisingly, however, ~20 TTP cases likely triggered by a SARS-
CoV-2 infection were recently reported.?°-2> Also, the link between
a TMA process and the COVID-19-associated microthrombosis may
be supported by the clinical improvement and the reduction of cir-
culating thromboinflammatory markers (i.e., the VWF/ADAMTS13
ratio) induced by plasma exchange undertaken in some critically ill
COVID-19 patients.'>?° One ex vivo study suggested that purified
recombinant ADAMTS13 should be considered as a potential ther-
apy for COVID-19 patients.'® To date however, no study has inves-
tigated ADAMTS13 conformation in COVID-19 patients, although
infectious triggers are candidates to explain the initial disruption of
the interaction between self-domains of ADAMTS13 leading to its
switch from a folded to an open conformation.

In the current study, our major aim was thus to investigate hemo-
static laboratory parameters and plasmatic ADAMTS13 features in-
cluding ADAMTS13 conformation in critically ill COVID-19 patients
at ICU admission.

2 | PATIENTS AND METHODS
2.1 | COVID-19 patients
The protocol was approved by the local institutional ethical commit-

tee. All consecutive patients admitted for acute respiratory distress
syndrome (ARDS) by SARS-CoV-2 in the ICU of Saint-Louis hospital
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(AP-HP, Paris, France) between March 18 and May 9, 2020, were en-
rolled.?’ Real-time quantitative PCR assay for SARS-CoV-2 RNA on
nasopharyngeal swab specimens was positive in all patients. Clinical

data and outcome were analyzed from medical records.

2.2 | Biological investigations

The following biological parameters were measured at admission:
hemoglobin, platelet count, lactate dehydrogenase (LDH), fibrino-
gen, D-dimers, and factor V in the context of care.

Measurement of VWF antigen (VWF:Ag) and ADAMTS13 inves-
tigation were also performed on citrated plasma samples collected at
admission and stored at -80°C until use: VWF:Ag was measured with
an ELISA (Asserachrom VWF:Ag), ADAMTS13 activity with FRETS-
VWF73 assay (Institute Inc), anti-ADAMTS13 IgG titration with
ELISA (TECHNOZYM ADAMTS-13 INH, Technoclone), ADAMTS13
antigen with a homemade 3H9-ELISA,%% and ADAMTS13 confor-
mation with a homemade 1C4-ELISA, before and after incubation
with the anti-CUB1 antibody 17G2 inducing an open conformation
in ADAMTS13 (defined by a conformation index >0.5).°

2.3 | Statistical analysis

Quantitative variables were expressed as medians [25th, 75th
percentiles] (minimum-maximum) and categorical variables as
numbers and percentages. Comparisons were performed using
Mann-Whitney and Fisher's exact tests, as appropriate, using
GraphPad Prism v8.4.2 software (GraphPad Software). Any p values

<0.05 were considered significant.

3 | RESULTS AND DISCUSSION

Characteristics and outcome of the 53 patients enrolled are shown in
Table 1. The median age at admission was 59 years [53, 66] and the
male-to-female ratio was 39/14 (73.6% of men). Forty-three patients
(81.1%) had at least one risk factor for cardiovascular disease such
as overweight (body mass index: 25-29; n = 18, 34.0%) and obesity
(body mass index = 30, n = 16, 30.2%), dyslipidemia (n = 11, 20.7%),
diabetes (n = 13, 24.5%), and hypertension (n = 24, 45.3%). The overall
in-hospital mortality rate was 28.3% (n = 15) and was higher in males
(n = 13/39, 33%). Pulmonary embolism (PE) was diagnosed by com-
puted tomography pulmonary angiography in seven patients (13.2%)
with no history of thromboembolic event, a male-to-female ratio of
4/3, and associated with death in four cases (57% of patients with PE).

At ICU admission, three patients had a moderate thrombocytope-
nia over 80 x 10°/L and 10 patients had an anemia with a hemoglobin
level <10 g/dl without hemolysis. No patient had clinical nor biological
features of TMA syndrome (platelet counts: 207 x 10%/L[168, 275]; he-
moglobin levels: 11.9 g/dI [10.2, 13.3]). All patients presented elevated
LDH levels (844 U/L [699, 939]) and a marked increase of fibrinogen

jth L2

(6.68 g/L [5.87, 7.60]; >8 g/L in 9 patients [17%]), factor V (140% [118,
154]; >120% in 31 patients [59%]) and D-dimers (1120 ng/ml [770,
2840]; >3000 ng/ml in 13 patients [25%]) (Table 1).%® Interestingly,
nonsurvivor patients had significantly higher LDH, IL-6, and D-dimer
concentrations when compared with survivor patients (LDH: 909 U/L
[853, 1000] vs. 806 U/L [660, 870], p = 0.026; IL-6: 113 pg/ml [79.8,
299.5] vs. 81 pg/ml [38.5, 109.0], p = 0.031; D-dimers: 2310 ng/ml
[1125, 3655] vs. 985 ng/ml [675, 2185], p = 0.018) (Table 1). These
results are the most consistent biological features with intense inflam-
matory response and hypercoagulability in COVID-19. However, no
difference was reported when comparing PE with non-PE COVID-19
patients (data not shown). Our results, especially highly elevated D-
dimer levels predictive of mortality, are in line with those previously
reported in critically ill COVID-19 patients at admission.?’

VWEF:Ag levels were markedly increased in both survivor and
nonsurvivor patients (326 [284, 378], vs. 416 1U/dl [355, 554], re-
spectively) compatible with severe endothelial damage, but with
borderline significant difference (p = 0.05) (Table 1). In our 53 crit-
ically ill COVID-19 patients, ADAMTS13 activity ranged from 39 to
150 1U/dl (108 1U/dI [79, 132]), without detectable anti-ADAMTS13
1gG (<15 U/ml in all patients), ADAMTS13 antigen ranged from 0.453
to 2.030 pg/ml (1.125 pg/ml [0.887, 1.269]), and only three patients
(6%) had a partial quantitative deficiency in ADAMTS13 (both
ADAMTS13 activity <50 1U/dl [42, 39, and 39 IU/dI] and ADAMTS13
antigen <0.50 pg/ml), ruling out TTP diagnosis (Figure 1). No sig-
nificant difference of either VWF or ADAMTS13 was identified be-
tween patients with PE and those with no PE (data not shown). In
contrast, interestingly, median ADAMTS13 activity was significantly
lower in nonsurvivor patients when compared with survivor patients
(85 vs. 115 IU/dI, p = 0.026) (Figure 1). As a consequence, median
VWEF:Ag/ADAMTS13 activity ratio was strongly elevated in non-
survivors (4.94 [3.13, 7.21] vs. 3.01 [2.47, 3.69], p = 0.025) and was
overall increased in the 53 patients (3.18 [2.59, 4.88], normal range
0.5-2). In contrast, ADAMTS13 antigen levels were not significantly
different between survivors and nonsurvivors (1.127 vs. 1.020 pg/
ml, p = 0.283) (Figure 1). Our results suggested a consumption of the
metalloprotease ADAMTS13 by its massively increased substrate,
VWEF, in line with strong inflammation and endothelial damage and/
or a partial catalytic inhibition of ADAMTS13 by IL-6 and other cy-
tokines released during the cytokine storm in severe COVID-19.%°

Interestingly, in all 53 COVID-19 patients, ADAMTS13 was not
captured by the monoclonal antispacer ADAMTS13 antibody 1C4,
defining a closed conformation of ADAMTS13 (conformation index
<0.5). As expected, in a control experiment, addition of the mono-
clonal anti-CUB1 ADAMTS13 antibody 17G2 was able to induce an
open conformation of ADAMTS13 in vitro in all 53 patients (Figure 2).

In this monocentric retrospective study, we confirm that
SARS-CoV-2 infection leads to severe inflammatory response and
hypercoagulability with markedly increased fibrinogen, factor V,
D-dimers, and IL-6 levels in critically ill COVID-19 patients at ICU
admission, with both latter biologic parameters correlating with
mortality.”*? Endotheliitis lesions were highly suggested by in-
creased VWF levels. Previous studies supported a potential link
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FIGURE 1 ADAMTS13 activity and antigen in 53 critically ill
COVID-19 patients at ICU admission. ADAMTS13 activity (black
circle) and antigen (gray circle) were measured in 53 COVID-19
patients at admission, including 38 survivors and 15 nonsurvivors
to their hospitalization. Comparisons were performed using Mann-
Whitney. p values <0.05 were considered significant. Median [25th,
75th percentiles] ADAMTS13 activity levels were 108 [79, 132]
IU/dl in the total patients, 115 [96, 140] 1U/dl in the survivors, and
85 [66, 113] IU/dl in the nonsurvivors, respectively. Median [25th,
75th percentiles] ADAMTS13 antigen levels were 1.125 [0.887,
1.269] pg/mL in the total patients, 1.127 [0.963, 1.289] ug/ml in
the survivors, and 1.020 [0.828, 1.218] ug/ml in the nonsurvivors,
respectively. ADAMTS13 activity was significantly lower in
nonsurvivor patients when compared with survivor patients

(p = 0.026), although no significant difference was observed for
ADAMTS13 antigen between both groups

between severe COVID-19-related microthrombosis and second-
ary TMA-like syndrome enhanced by partial consumption and/or
inhibition of ADAMTS13 by inflammatory cytokines as IL-6, in line
with a process similar to that observed in sepsis.'*® In COVID-19, a
phenomenon of thrombotic pulmonary capillaritis supporting ARDS
could be partially explained by the unbalance between VWF and
ADAMTS13 and play a crucial role in short-term prognosis.®™*? In our
group of 53 critically ill patients with COVID-19, both ADAMTS13
activity and the VWF:Ag/ADAMTS13:activity ratio were correlated
to mortality, in agreement with other studies.”*2'517 However, this
result needs to be nuanced because ADAMTS13 activity remained
in the normal or subnormal range, so it cannot support a strong
thrombotic tendency in the pathogenesis of ARDS. Also, none of
our patients exhibited diagnostic hallmarks of classic TMA because
there is no severe thrombocytopenia or microangiopathic hemo-
lytic anemia. Of course, our study may be limited by its monocentric
and its ~8-week prospective enrollment. However, when consider-
ing our data combined with those of the recent literature, it seems
more reasonable to think that both VWF and ADAMTS13 are bio-
markers reflecting the severity of the endothelial disease caused
by SARS-CoV-2 infection (and collateral prognosis biomarkers)
rather than strong pathophysiologic actors of the microthrombotic

0.0

T T
-17G2 +17G2

FIGURE 2 ADAMTS13 conformation in 53 critically ill
COVID-19 patients at ICU admission. Plasma samples of 53
COVID-19 patients at admission were added to wells coated with
the anti-ADAMTS13 antibody 1C4 before and after incubation
with the anti-CUB1 antibody 17G2 inducing an open conformation
in ADAMTS13. If ADAMTS13 was not captured by 1C4, the
conformation of ADAMTS13 is closed (conformation index <0.5). If
ADAMTS13 was captured by 1C4, the conformation of ADAMTS13
is open (conformation index >0.5). All patients exhibited a closed
ADAMTS13 conformation, which was induced open after addition
of the anti-CUB1 antibody 17G2

process of COVID-19-associated ARDS.3! This interpretation is
further supported by our main result showing that SARS-CoV-2
is not an infectious agent able to induce an open conformation of
ADAMTS13, a biological feature that could be one of the triggers for
the preliminary step to immune-mediated ADAMTS13 deficiency.2*3
Altogether, our results also reinforce the specificity of an open con-
formation of ADAMTS13 as a hallmark of iTTP.>*

In conclusion, COVID-19-associated TMA is likely mostly re-
stricted to the pulmonary microcirculation. This study suggests that
normal or slightly low ADAMTS13 activity and highly elevated VWF
are rather biomarkers reflecting strong inflammation and endothe-
lial damage rather than drivers of the thrombotic process reported
in COVID-19. Further studies are definitely needed to consider the
VWF/ADAMTS13 axis as a rational therapeutic option in severe
COVID-19.
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