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It has recently been shown that von Willebrand factor (VWF) multimers contribute to
immunothrombosis in Coronavirus disease 2019 (COVID-19). Since COVID-19 is associated with

an increased risk of autoreactivity, the present study investigates, whether the generation of
autoantibodies to ADAMTS13 contributes to this finding. In this observational prospective controlled
multicenter study blood samples and clinical data of patients hospitalized for COVID-19 were collected
from April to November 2020. The study included 156 individuals with 90 patients having confirmed
COVID-19 of mild to critical severity. 30 healthy individuals and 36 critically ill ICU patients without
COVID-19 served as controls. ADAMTS13 antibodies occurred in 31 (34.4%) COVID-19 patients.
Antibodies occurred more often in critically ill COVID-19 patients (55.9%) than non-COVID-19 ICU
patients and healthy controls (5.6% and 6.7%; p < 0.001), respectively. Generation of ADAMTS13
antibodies in COVID-19 was associated with lower ADAMTS13 activity (56.5%, interquartile range
(IQR) 21.25 vs. 71.5%, IQR 24.25, p = 0.0041), increased disease severity (severe or critical in 90%

vs. 62.3%, p = 0.019), and a trend to higher mortality (35.5% vs. 18.6%, p = 0.077). Median time to
antibody development was 11 days after first positive SARS-CoV-2-PCR specimen. Gel analysis of VWF
multimers resembled the constellation in patients with TTP. The present study demonstrates for the
first time, that generation of ADAMTS13 antibodies is frequent in COVID-19, associated with lower
ADAMTS13 activity and increased risk of an adverse disease course. These findings provide a rationale
to include ADAMTS13 antibodies in the diagnostic workup of SARS-CoV-2 infections.

Abbreviations

VWEF von Willebrand factor

COVID-19 Coronavirus Disease 2019

TMA Thrombotic microangiopathy

VWE:Ag VWEF Antigen

IQR Interquartile range

RKI Robert Koch Institut

ICU Intensive care unit

TTP Thrombotic thrombocytopenic purpura

Coronavirus disease 2019 (COVID-19) is associated with micro- and macrovascular thrombotic events—a phe-
nomenon, which has recently been described as “immunothrombosis”. Macrovascular events comprise both
venous thrombembolism and arterial thrombotic events including myocardial infarction, stroke, and limb
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ischemia!. Microvascular thrombosis has preferentially been described by autopsy studies in the lungs and
contributes to SARS-CoV-associated acute respiratory distress syndrome?.

We and others observed thrombotic microangiopathy (TMA) in one or more patients®~. Recently, we dem-
onstrated that COVID-19 is associated with a substantial increase in von Willebrand factor (VWF) concentra-
tions, which can exceed the ADAMTS13 processing capacity resulting in the formation of large VWF multimers
identical to thrombotic thrombocytopenic purpura (TTP)>*. The ADAMTS13/VWF Antigen (VWF:Ag) ratio
was thereby an independent predictor of severity of disease and mortality. In the present study we investigated
whether the generation of antibodies to ADAMTS13 might contribute to this observation.

Materials and methods
We performed an observational prospective multicenter study and enrolled 156 participants including 90
patients, who were hospitalized for COVID-19. All participants of the study had not been vaccinated against
SARS-CoV-2 priorly. Patients were recruited at Ruhr-University Bochum (59 patients), University of Duisburg-
Essen (2 patients), and Asklepios Klinikum Hamburg Harburg (29 patients), Germany. Assuming that the inci-
dence of autoantibodies is 30% in COVID-19 patients and 5% in critically ill non-COVID-19 controls with an
alpha-significance level of 0.05 and a power of 80%, 35 patients per group were required. Severity of COVID-19
disease was categorized into mild, meaning asymptomatic disease, moderate, defined as symptomatic disease
without respiratory failure, severe, defined as respiratory failure without the need of mechanical ventilation, to
critical, defined as respiratory failure with the need of mechanical ventilation or use of vasoactive agents. These
categories were adopted from the guidelines of the Robert Koch Institute (RKI), Germany’. 30 healthy subjects
and 36 non-COVID-19 patients, matching the criterions for critical disease severity from the RKI from the
intensive care unit (ICU) served as controls. Last mentioned patients mainly suffered from pneumonia, sepsis
or myocardial infarction. Demographic, clinical and hemostaseologic characteristics of patients at initial sample
obtainment are summarized in Table 1.

ADAMTS13 activity and IgG-antibodies to ADAMTS13 were analyzed from citrate-plasma and serum using
a chromogenic Technozym ADAMTS13 ELISA Kit and Technozym" ADAMTS13 INH ELISA Kit (Technoclone,
Vienna, Austria), respectively®. An ADAMTS13 antibody concentration of =16 U/mL was considered posi-
tive according to manufactures guidelines. VWF:Ag was measured using a sandwich ELISA with polyclonal
antibodies’. The ADAMTS13/VWF:Ag ratio was calculated as (ADAMTS13 (IU/ml)/VWF:Ag (IU/ml) x 100).
VWF multimer analysis was performed via sodium dodecyl sulfate agarose gel electrophoresis including a
control sample containing normal VWEF in each run to ensure proper conditions of the separation and blotting
apparatus'’. Parts of the study population and the control group have previously been described!!. The study has
been approved by the ethical committees of Ruhr-University Bochum (20-6886), University Hospital Essen (20-
9214-BO) and the Medical Association Hamburg. Written informed consent was given by the participants before
entry into the study and all experiments were performed in accordance with relevant guidelines and regulations.

Results

Initial sample data. Median time to initial sample obtainment was 4 days after first positive PCR speci-
men, and 3 days after admission, respectively. Compared to healthy controls VWEF:Ag (iU/mL) was significantly
higher in patients with COVID-19 (326 iU/mL, interquartile range (IQR) 163 vs. 97 iU/mL, IQR 61, p<0.0001).
Median ADAMTS13 activity was 67.5%, IQR 28.5, in COVID-19 patients vs. 75.5%, IQR 22.5, in healthy con-
trols (p=0.017). The ADAMTS13/VWEF:Ag ratio was substantially lower in COVID-19 patients (20.2+9.4 vs.
82.0+30.7, p<0.0001). More patients with COVID-19 already had elevated antibodies to ADAMTS13 at initial
sample obtainment compared to healthy controls (22.2% vs. 6.7%, chi squared p=0.0565). Median concentra-
tion of ADAMTSI13 antibodies at initial sample obtainment was 27 U/mL (IQR 13.5) and median ADAMTS13
activity was significantly lower in those patients with ADAMTS13 antibodies (56.5%, IQR 21.25 vs. 71.5%, IQR
24.25, p=0.0041, Fig. 1A). Spearman correlation analyses revealed a significant negative correlation between
ADAMTS13 antibody concentration and ADAMTS13 activity (r=- 0.321, p=0.002). Hematological parameters
did not significantly differ depending on ADAMTS13 antibody status. Severity of disease differed in depend-
ence of antibody status at hospital admission. Patients with ADAMTS13 antibodies at baseline evaluation had
a significantly higher disease burden compared to subjects without antibodies (chi squared p=0.016, Fig. 1B).
Moreover, baseline ADAMTS13 antibody concentration differed significantly dependent on disease burden and
outcome (Fig. 1C). In univariate binary logistic regression analyses baseline ADAMTS13 antibody concentra-
tion (regression coefficient (r)=— 0.04, p=0.046), ADAMTS13 activity (r=0.038, p=0.009), VWF:Ag (r=-0.006,
p=0.001) and ADAMTS13/VWE:Ag ratio (r=0.114, p=0.001) had a significant impact on mortality.

Subgroup analysis of critically ill patients. The control group of critically ill patients without COVID-
19 was comparable to the COVID-19 population regarding age, gender, and cardiovascular comorbidities.
Substantially more critically ill patients with COVID-19 had antibodies to ADAMTS13 compared to non-
COVID-19 ICU patients (55.9% vs. 5.6%, OR 21.53, 95% CI 4.609-98.15, p < 0.0001, Fig. 1D). ADAMTS13
antibody status of critically ill non-COVID-19 patients did not differ from healthy controls (5.6% vs. 6.7%, p =
0.74). Median ADAMTS13 antibody concentration was substantially higher in critically ill COVID-19 patients
(7.5 vs. 2 U/mL, p = 0.0002, Fig. 1E). Representative gel analyses of patients with COVID-19 having increased
VWEF concentrations and antibodies to ADAMTS13, critically ill patients without COVID-19 and, for reasons of
comparison, patients with acute TTP are presented in Fig. 2 and Supplementary Fig. 1.

Follow-up data. 1In 37 (41.1%) COVID-19 patients, follow-up blood samples were available. 11 (29.7%)
of initially negative tested patients converted to positive ADAMTS13 antibody status during their hospital stay
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Critically ill patients COVID-19 with COVID-19 without
without COVID-19 COVID-19 population antibodies to antibodies to
Healthy controls (n=30) | (n=36) (n=90) ADAMTS13 (n=20) ADAMTS13 (n=70) P

Age (years) 33.5(23.0) 70 (25.0) 66.5 (22.25) 67.5£14.83 64.13+14.77 0.37
Female 22 (73.3%) 16 (44.4%) 42 (46.7%) 9(21.4%) 33 (78.6%) 0.8655
Male 8(26.7%) 20 (53.6%) 48 (53.3%) 11 (22.9%) 37 (77.1%) ’
Race
White 30 (100%) 36 (100%) 89 (98.9%) 20 (22.7%) 69 (77.3%) 0.591
Asian 0(0%) 0 (0%) 1(1.1%) 0(0%) 1 (100%) ’
Disease severity
Mild or moderate 29 (31.5%) 2 (10%) 27 (38.6%) 0.0159
Severe or critical 61 (68.5%) 18 (90%) 43 (61.4%) ’
Outcome
Alive 68 (75.6%) 13 (65.0%) 55 (78.6%) 02129
Dead 22 (24.4%) 7 (35.0%) 15 (21.4%) ’
Serum creatinine concen-
tration (mg/dL) 1.1(1.0) 1.1 (0.925) 1.1 (1.275) 0.7999
Glomerular filtration rate
(ml/min. MDRD) >60 57.5 (46.25) 65.0 (60) 0.7284
gﬁea“i"e protein (mg/ 8.10 (11.86) 6.6 (10.275) 8.945 (12.722) 0.9904
(LStha)te dehydrogenase 331 (220) 342 (257) 330 (215.5) 0.5506
White blood cell count 7.1(4.8) 10 (6.8) 7 (4.85) 0.1192
(/nL)
Platelet count (/nL) 242+109.825 250.5 (228.2) 219 (135.8) 0.4983
Hemoglobin (g/dL) 11.6+1.792 11.10+2.175 11.76+1.656 0.1461
D-dimer (mg/L) 0.977 (1.5152) 2.080 (2.0475) 0.92 (1.452) 0.2258
Fibrinogen (mg/dL) 6.995 (0.872) 6.18 (1.19) 7.0 (0.75) 0.1018
Activated partial thrombo- 32.75 (12.05) 315 (25.3) 33.0 (9.5) 06315
plastin time (s)
International normalized 1.18 (0.24) 121(0.27) 1.17 (0.23) 0.1801
ratio
VWE:Ag (IU/mL) 97 (61,55) 239 (217) 326 (167) 380.5 (185.5) 310 (113) 0.1036
ADAMTS13 activity (%) 75.0 (22.5) 47.5 (28) 67.5 (28.5) 56.5 (21.25) 71.5 (24.25) 0.0041
ADAMTS]S/VWF:Ag 82.04+30.71 28.20+22.69 20.231£9.427 12.6 (10.93) 21.6 (13.45) 0.0125
2/1:;1bodles to ADAMTS13 2 (6.7%) 2 (5.6%) 20 (22.2%)
Concentration of 2.9 (3.65) 2.0 (4) 27 (13.5) 5 (5.25) <0.0001
ADAMTSI13 antibodies : : : ' : :

Table 1. Baseline epidemiological, clinical and haemostaseological characterization of the study population.
COVID-19 Coronavirus Disease 2019, MDRD Modification of Diet in Renal Disease, VWF:Ag von Willebrand
factor Antigen. Data are presented as mean * standard deviation for normally distributed parameters,
otherwise in median and interquartile range. P indicates comparison of COVID-19 patients with and without
antibodies to ADAMTS13. P<0.05 was regarded significant (bold type).

within a median time of 11 days after first positive PCR specimen and 9 days after hospital admission, respec-
tively. Thus, among the whole COVID-19 study population, at least 31 patients (34.4%) developed ADAMTS13
antibodies (Fig. 3A). In follow-up samples median ADAMTSI3 activity and ADAMTS13/VWEF:Ag ratio
decreased over time, with increasing VWF:Ag levels (Fig. 3B-D). Spearman correlation analyses revealed a
significant negative correlation between ADAMTS13 antibody concentrations and ADAMTS13 activity in fol-
low up samples (r = — 0.380, p<0.001). Furthermore, development of ADAMTSI13 antibodies in the 11 initially
negative tested patients were associated with significantly lower ADAMTS13 activity in paired t-test (mean of
difference —20.18%, 95% CI —39.75 to —0.61, p = 0.0444), missing statistical significance in VWF:Ag levels,
likely due to the small number of cases (mean of difference +43.43 U/mL, 95% CI —117.7 to +204.6, p = 0.5341).
Overall, ADAMTS13 antibody positive patients had a worse outcome than antibody negative patiens (35.5% vs.
18.6%, chi squared p = 0.077, Fig. 3E).

Discussion

In summary, the present findings show that (1) the higher VWF concentrations and the lower ADAMTS13, the
higher the probability of a severe course of COVID-19 including risk of death. (2) The present study demonstrates
for the first time, that generation of antibodies against ADAMTS13 is a frequent and unique finding in COVID-
19 occurring in approximately one third of hospitalized patients and is associated with a lower ADAMTS13
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Figure 1. Baseline data of COVID-19 patients. (A) ADAMTS13 activity (%) in dependence on antibody

(AD) status. (B) Severity of disease in dependence on Ab status. (C) Ab concentration (U/mL) in dependence

on disease severity and mortaliy. (D) % of critically ill COVID-19 and non-COVID-19 patients and healthy
controls. (E) Ab concentration in critically ill COVID-19 vs. non-COVID-19 patients and healthy controls. Data
are presented in % of patients with chi squared p-values, or median and interquartile range, respectively.

activity suggesting an inhibitory effect on the protease. (3) The study shows that not only the presence but also
the concentration of ADAMTS13 antibodies predicts the severity of COVID-19.

Lower ADAMTS13 activity and ADAMTS13/VWEF:Ag ratio have been associated with an increase in mor-
bidity and mortality before®!!. The present study adds the information that not only the massive release of VWF
but also the generation of autoantibodies to ADAMTS13 contribute to the decrease of the ADAMTS13/VWE:Ag
ratio. Autoantibodies to ADAMTS13 have rarely been investigated in the context of COVID-19 so far. In recent
literature we found only two small case series with critically ill COVID-19 patients, which detected ADAMTS13
antibodies in only one out of 13 patients'>'.

In general, positive ADAMTS13 antibodies along with a markedly reduced ADAMTS13 activity are diagnos-
tic criteria for TTP. Noteworthy, none of the patients in our study population developed severe thrombopenia
<50,000/pl. Thus, the potentially inhibitory effect is weaker than in TTP. Moreover, it has to be kept in mind
that low concentrations of apathogenic ADAMTS13-antibodies may occur in healthy persons as well. For two
reasons, however, it is unprobable that the present autoantibodies were completely apathogenic: First, detection
was associated with a lower ADAMTS13 activity suggesting an inhibitory effect on the protease. Second, both
the presence and the concentration of ADAMTS13 antibodies predicted the severity of COVID-19. Since the
presence and concentration of antibodies correlated with severity, the duration of COVID-19 may be a risk
factor for development of ADAMTS13 antibodies. In our study an ELISA assay was used to detect ADAMTS13
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Figure 2. Von Willebrand factor multimers in a medium resolution gel (1.8% LGT-agarose, images taken from
different gels) of (7-8) two patients with severe COVID-19, increased release of VWF and autoantibodies to
ADAMTS13 and (1-3) three critically ill patients without COVID-19, (4 and 6) healthy controls, (5) pooled
plasma of healthy controls, and (9-10) two patients with acute thrombotic thrombocytopenic purpura prior to
initiation of treatment. The gel shows smear and a decrease of largest multimers predominantly in the patient
lanes of both COVID-19 patients and those with thrombotic thrombocytopenic purpura.

antibodies, which does not directly provide information about functional aspects of these antibodies. Therefore,
a Bethesda assay might be a reasonable addition in future studies.

The immune response to SARS-CoV-2 is associated with an increased risk of autoreactivity. Hence, antibodies
to phospholipids and interferon have been described during the pandemic'*'>. Moreover, lupus- and rheuma-
toid arthritis-like antibody patterns have been observed in COVID-19'¢. Accordingly, critically ill patients with
COVID-19 display hallmarks of extrafollicular B cell activation and shared B cell repertoire features typical of
autoimmune settings'”. Interestingly, the proportion of patients developing an ANA titer of >1:160 in another
study was very similar (35.6%)'° to the proportion of subjects developing ADAMTS13 antibodies in the pre-
sent study (34.4%). SARS-CoV-2 thereby increases the risk of thrombotic microangiopathy by potentially two
synergistic mechanisms: First, the ubiquitous endothelial damage induces an excessive release of VWE, exceed-
ing the protease activity of physiological concentrations of ADAMTS13. Second, the SARS-CoV-2 induced
autoreactive inflammatory milieu leads to the generation of autoantibodies to ADAMTS13, which potentially
reduces ADAMTS13 activity and thereby may—in addition to the excess of VWF—constitute an adjunct to the
generation of immunothrombosis. Both of these mechanisms may yield an increased risk of intravascular large
and ultralarge VWF multimers with TMAs resembling TTP.

We provide representative gel analyses of patients with COVID-19 having increased VWF concentrations
and antibodies to ADAMTS13, critically ill patients without COVID-19 and patients with acute TTP. COVID-19
patients resemble the gels of patients with TTP. In both entities ultralarge multimers accumulate in the micro-
thrombi and therefore show reduced concentrations in the circulation and corresponding gel analyses during
the acute phase of disease.

What are the therapeutic consequences of this study? Plasma exchange constitutes a therapeutic option, which
would be able to reduce both the excessive VWF and the antibodies to ADAMTS13 and—moreover—would
deliver ADAMTS13. It could thereby reestablish the physiological balance between VWF and its protease. In
first case series plasma exchange was used to attenuate circulating cytokines and inflammatory mediators in
critically ill patients with COVID-19. Case series from Barcelona and Heidelberg describe favorable effects on
parameters of inflammation and clinical outcome!®'. In a cohort in Oman, 11 critically ill patients underwent
plasma exchange, which was associated with higher extubation rates and lower mortality*®. We performed plasma
exchange in 25 critically ill COVID-19 patients with acute respiratory distress syndrome, leading to a significant
decrease in VWF:Ag and increased ADAMTS13 activity?!. Our findings provide a rationale beyond the elimina-
tion of cytokines to suggest plasma exchange as a therapeutic strategy in COVID-19. A limitation of the study
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Figure 3. (A) cumulative incidence of ADAMTS13 antibodies (Ab), (B) ADAMTS13 activity, (C) von
Willebrand factor Antigen (VWEF:Ag), (D) ADAMTS13/VWE:Ag ratio, and (E) mortality in dependence
on ADAMTS13 antibody status in the course of Coronavirus disease. Data are presented in median and
interquartile range.

lies in its cross-sectional character. A larger cohort of patients followed longitudinally could further underline
the significance of our findings.

Conclusions

In conclusion, the present study demonstrates for the first time, that a substantial part of patients with COVID-
19 develop autoantibodies to ADAMTS13 in the course of their disease, occurring in approximately one third
of hospitalized patients, which could not be seen in ICU patients without COVID-19. Occurrence of antibodies
is associated with a significantly lower ADAMTS13 activity, which causes a decreased degeneration of large and
ultralarge vWf multimers likely contributing to SARS-CoV-2 induced immunothrombosis. The impact of each
individual parameter on morbidity and mortality of COVID-19 is consistent with the physiology of this primary
hemostasis system and very much in line with the pathophysiology of thrombotic microangiopathy: The excess
of VWE, the decrease of ADAMTSI13, the occurrence and the concentration of antibodies to ADAMTS13: Each
of these individual parameters independently predicts adverse outcome. The findings that the antibodies predict
outcome in a dose-dependent manner and that they are associated with impaired ADAMTS13 activity suggest a
potential functional relevance. These findings provide a rationale to consider plasma exchange as a therapeutic
option in COVID-19 and to include VWEF, ADAMTS13 activity, and antibodies to ADAMTS13 in the diagnostic
workup. Functional aspects of ADAMTS13 antibodies using a Bethesda assay should be subject of future studies.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.
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