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ARTICLE INFO ABSTRACT

Keywords: Background: Endotheliopathy and coagulopathy appear to be the main causes for critical illness and death in
COVID-19 patients with coronavirus disease 2019 (COVID-19). The adhesive ligand von Willebrand factor (VWF) has been
SARS-CoV-2 involved in immunothrombosis responding to endothelial injury. Here, we reviewed the current literature and
X]))r;\gilselbéand factor performed meta-analyses on the relationship between both VWF and its cleaving protease ADAMTS13 (a dis-

integrin and metalloproteinase with thrombospondin type 1 motif, member 13) with the prognosis of COVID-19.
Methods: We searched MEDLINE, Cochrane Library, Web of Science, and EMBASE databases from inception to 4
March 2022 for studies analyzing the relationship between VWF-related variables and composite clinical out-
comes of patients with COVID-19. The VWF-related variables analyzed included VWF antigen (VWF:Ag), VWF
ristocetin cofactor (VWF:Rco), ADAMTS13 activity (ADAMTS13:Ac), the ratio of VWF:Ag to ADAMTS13:Ac, and
coagulation factor VIII (FVIII). The unfavorable outcomes were defined as mortality, intensive care unit (ICU)
admission, and severe disease course. We used random or fixed effects models to create summary estimates of
risk. Risk of bias was assessed based on the principle of the Newcastle-Ottawa Scale.

Results: A total of 3764 patients from 40 studies were included. The estimated pooled means indicated increased
plasma levels of VWF:Ag, VWF:Rco, and VWF:Ag/ADAMTS13:Ac ratio, and decreased plasma levels of
ADAMTS13:Ac in COVID-19 patients with unfavorable outcomes when compared to those with favorable out-
comes (composite outcomes or subgroup analyses of non-survivor versus survivor, ICU versus non-ICU, and
severe versus non-severe). In addition, FVIII were higher in COVID-19 patients with unfavorable outcomes.
Subgroup analyses indicated that FVIII was higher in patients admitting to ICU, while there was no significant
difference between non-survivors and survivors.

Conclusions: The imbalance of the VWF-ADAMTS13 axis (massive quantitative and qualitative increases of VWF
with relative deficiency of ADAMTS13) is associated with poor prognosis of patients with COVID-19.

1. Introduction

The global pandemic of coronavirus disease 2019 (COVID-19)
caused by novel severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infection has affected tens of millions of people with the number
of deaths growing exponentially [1,2]. The clinical manifestations of
COVID-19 vary from asymptomatic or mild to severe acute respiratory
distress syndrome (ARDS), multiple failure, and death [2,3]. One of the

clinical issues that rapidly became apparent is that thrombotic and
microvascular complications are common in hospitalized patients with
severe COVID-19 and non-survivors, despite standard thromboprophy-
laxis or therapeutic anticoagulation [4-6]. Both arterial thrombosis
manifested in ischemic stroke and myocardial infarction, and venous
thrombosis and thromboembolism, such as acute pulmonary embolism
and deep vein thrombosis are frequently reported and associated with
disease severity and prognosis [7-10]. Post-mortem histopathology has
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also shown widespread respiratory, cardiac, hepatic, and renal micro-
thrombi in patients with COVID-19 [11-14]. However, this COVID-19-
associated coagulopathy (CAC) have not yet been specifically defined.
Available studies suggest that CAC develops at a relatively early stage,
and is a mild form of sepsis-like diffuse intravascular coagulopathy (DIC)
with increased levels of D-dimer and fibrinogen, relatively normal
platelet count or mild thrombocytopenia, and near-normal/slightly
prolonged prothrombin time (PT) and activated partial thromboplastin
time [4,15,16]. However, DIC is a consumptive coagulopathy that is
characterized by an increased D-dimer levels, decreased fibrinogen
levels and platelet counts, and prolonged PT [17]. These distinct fea-
tures suggest that CAC differs mechanistically from coagulopathy arising
after other acute infections and common DIC. Several lines of evidence
suggest the vascular events in COVID-19 patients appear to be mostly
caused by in situ platelet-fibrin thrombus formation rather than embolic
thrombi [12,18]. This widespread microvascular thrombi in multiple
organs suggests that CAC resembles thrombotic microangiopathy (TMA)
[19-21]. However, TMA-related hemolytic anemia and thrombocyto-
penia are relatively rare in patients with COVID-19 [22]. Hence, it is
crucial to clearly define CAC and ascertain its underlying mechanisms.

Endothelial cell (EC) injury or dysfunction (endotheliopathy or
endotheliitis) has emerged as the main cause of CAC, contributing to
systemic inflammation, immune response, and hypercoagulability that
predisposes thrombotic and microvascular events known as throm-
boinflammation or immunothrombosis [23-25]. Dupont et al. [24]
demonstrated that endotheliopathy defined by the shedding of
syndecan-1 is associated with respiratory failure, liver injury, multi-
organ failure, and death of patients with COVID-19. von Willebrand
factor (VWF) and its cleaving protease ADAMTS13 (a disintegrin and
metalloproteinase with a thrombospondin type 1 motif, member 13)
play important roles in primary and secondary thrombotic, and in-
flammatory response to vascular injury [26-28]. An imbalanced VWF-
ADAMTS13 axis has been implicated in pathologies like trauma
[29-32], sepsis [33,34], malaria [35], preeclampsia [36,37], and
ischemic stroke and myocardial infarction [38,39]. This imbalance has
also been increasingly recognized for the development of complications
of COVID-19 with increasing plasma VWF antigen and activity, and a
generally reduction (or occasionally normal) of ADAMTS-13 activity
[40,41], leading to kinetic deficiency of VWF cleavage. While recent
meta-analyses confirmed that elevated VWF antigen (VWF:Ag) is asso-
ciated with unfavorable outcomes of patients with COVID-19 [42,43], it
is far less known regarding roles of other factors closely related to VWF
biology, such as VWF release defined by VWF propeptide (VWFpp),
adhesive activity (VWF ristocetin cofactor; VWF:Rco), multimer distri-
bution, association with coagulation factor VIII (FVIII), and ADAMTS13
activity (ADAMTS13:Ac), in the development of COVID-19 complica-
tions. We therefore conducted a literature review and meta-analysis for
information related to the association between VWF-related variables
and outcomes in patients with COVID-19.

2. Methods

This systematic review and meta-analysis was performed in accor-
dance with the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) statement guidelines [44]. The pre-specified
protocol for this meta-analysis has registered in the International Pro-
spective Register of Systematic Reviews (PROSPERO; registration
number: CRD42021287385).

2.1. Search strategy and study selection

A comprehensive literature search was performed using MEDLINE
(via PubMed), Cochrane Library, Web of Science, and the EMBASE da-
tabases from inception to March 4th, 2022. We searched for studies that
investigated the plasma levels of VWF-related variables in patients with
COVID-19 according to clinical outcomes using predefined keywords:
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(“SARS-CoV-2” OR “COVID-19” OR “2019-nCoV” OR “Coronavirus
disease 19”) AND (“von Willebrand Factor” OR “VWF” OR “von Wille-
brand” OR “Willebrand Protein”) AND (“ADAMTS13” OR “von Wille-
brand Factor cleaving proteinase”) AND (“Factor VIII” OR “FVIII”). The
references listed in the retrieved articles were also reviewed to identify
additional studies. Duplicate articles were removed after the initial
search. Two reviewers (YJ and XZ) independently screened the title and
abstract of the articles. The full-text of those that had passed the initial
screening were assessed according to the eligibility criteria. Discrep-
ancies were resolved by consensus between the two reviewers or by a
third reviewer (XB) when a consensus could not be achieved.

2.2. Eligibility criteria

The inclusion criteria were as follows: 1) clinical trial or observa-
tional prospective/retrospective studies on COVID-19 with clinical
outcomes for mortality (survivor vs. non-survivor), need for intensive
care unit (ICU) admission (non-ICU vs. ICU), and severity (non-severe
vs. severe); 2) reporting data on plasma levels of VWF:Ag, VWF:Rco,
VWFpp, VWF multimer distribution, ADAMTS13:Ac, VWF:Ag/
ADAMTS13:Ac ratio, and FVIII; 3) results were presented as or could be
converted/digitized to standardized mean difference (SMD). The
following types of articles were excluded from the analysis: case reports/
series, brief reports, communications, correspondence, or letters that
involved less than ten patients, review articles, commentaries, non-
English language articles, research articles on the pediatric popula-
tion, animal or in-vitro studies, unpublished studies, and studies with
irrelevant or non-extractable results.

2.3. Data extraction

Two reviewers (YJ and XZ) extracted data from eligible studies
independently using a predefined spreadsheet containing authors,
country, publication date, study design, sample size, patient de-
mographics, including age and gender, criteria used for clinical outcome
classification, VWF related variable. The raw data were compared and
pooled by the third investigator (XB) to eliminate extraction errors. The
pooled effect estimates were SMD in terms of these variable between
patients with and without poor clinical outcomes. When the data were
expressed in median and quantiles, we derived and estimated the mean
and standard deviation with accepted methods [45,46].

2.4. Quality assessment

Two reviewers (YJ and XZ) also independently assessed the risk of
bias (methodological quality) for each included study based on the
principle of the eight-item Newcastle-Ottawa Scale (NOS; for case-
control study) [47] or revised NOS version (for cohort study; addi-
tional file 1) [48]. Studies with scores of 0-4 and 5-9 points were
identified as low quality and high quality, respectively. Any disagree-
ment was resolved by the two reviewers through discussion, if neces-
sary, with the help of a third reviewer (XB). Funnel plots were used to
assess the publication bias for outcomes that included more than ten
studies.

2.5. Data synthesis and statistical analysis

The meta-analysis was conducted using the Review Manager soft-
ware (RevMan5.3, Cochrane Collaboration, Oxford, UK). Continuous
outcome variables were presented as SMD with 95 % confidence interval
(CD). I-square (1%) statistics was used to evaluate the data heterogeneity.
Outcomes with I? > 50 % were regarded as having a high heterogeneity.
The random-effects model was used to analyze outcomes for included
studies when I? > 50 %. Otherwise, a fixed-effect model was used. A p
value of <0.05 was considered statistically significant in the test for
overall effect. Publication bias was assessed by visualization of funnel
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plots.

3. Results
3.1. Study selection and characteristics

A total of 1211 potentially relevant studies were included in the
combined electronic and paper reference search. After removing 446
duplicates, 602 studies were excluded by title and abstract screening
(reviews or not relevant). The final full-text review included 163 reports,
from which 123 studies did not meet the inclusion criteria and were
excluded. A total of 40 studies comprising of 3764 patients met the
including criteria and were included in this systematic review and meta-
analysis [24,49-87]. Fig. 1 shows the flow diagram of study selection.
Table 1 presents study characteristics and patient demographics.

3.2. Meta-analysis of VWF-ADAMTS13 axis

We analyzed reported plasma levels of VWF:Ag, VWF:Rco,
ADAMTS13:Ac, VWF:Ag/ADAMTS13:Ac ratio, and FVIII in patients
with COVID-19. Since there were 2 studies that met the inclusion criteria
having plasma VWFpp values [53,68] and 2 studies measured VWF
multimeric pattern [68,76], these variables were not included in this
meta-analysis.

3.2.1. VWF:Ag

A total of 33 studies comprising of 3377 patients were included.
Plasma VWF:Ag levels were significantly higher in unfavorable out-
comes than those with favorable outcomes (SMD = —0.95 95%CI
[-1.15, —0.75], p < 0.00001; 2 = 81 %; Fig. 2). Further analyses
showed that COVID-19 patients with non-survivor status (SMD = —0.79
95%CI [—1.05, —0.52], p < 0.00001; 12 = 77 %), ICU need (SMD =
—0.96 95%CI [-1.30, —0.62], p < 0.00001; 2 = 61 %) or high severity
(SMD = —1.18 95%CI [—1.59, —0.77], p < 0.00001; 12 = 86 %) had
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higher plasma levels of VWF:Ag when compared to those with survivor
status, non-ICU status, or low severity (Table 2 and Fig. S1).

3.2.2. VWF:Rco

A total of 8 studies comprising of 679 patients were included. The
plasma levels of VWF:Rco, which measures the ability of VWF to
agglutinate platelets, were significantly higher in patients with unfa-
vorable outcomes than those with favorable outcomes (SMD = —0.83
95%CI [—1.33, —0.34], p < 0.00001; 12=87 %; Fig. 3). They were also
significantly higher in ICU-patients (SMD = —0.85 95%CI [—1.20,
—0.50], p < 0.00001; ?=21 %) and severe patients (SMD = —1.29 95%
CI [-2.30, —0.29], p = 0.001; ? =91 %) when compared to non-ICU-
patients or non-severe patients (Table 2 and Fig. S2).

3.2.3. ADAMTS13:Ac

A total of 21 studies comprising of 2405 patients were included.
Plasma levels of ADAMTS13:Ac was significantly lower in patients with
unfavorable outcomes than those with favorable outcomes (SMD = 0.78
95%CI [0.60, 0.95], p < 0.00001; I? = 63 %; Fig. 4). The subgroup
analyses (Table 2 and Fig. S3) further showed statistically significant
differences between survivors and non-survivors (SMD = 0.78 95%CI
[0.57, 1.00], p < 0.00001; I? = 55 %), ICU admission and non-ICU
admission (SMD = 0.72 95%CI [0.31, 1.13], p = 0.0006; 2 = 60 %),
and severe status and non-severe status (SMD = 0.76 95%CI [0.34,
1.19], p = 0.0004; 12 =77 %).

3.2.4. VWF:Ag/ADAMTS13:Ac ratio

A total of 11 studies comprising of 1286 patients were included. The
ratio of VWF:Ag to ADAMTS13:Ac was significantly higher in patients
with unfavorable outcomes than those with favorable outcomes (SMD =
—0.94 95%CI [—1.24, —0.65], p < 0.00001; I? = 76 %; Fig. 5). A higher
VWF:Ag/ADAMTS13:Ac ratio was also associated to the non-survivor
status (SMD = —0.85 95%CI [—1.36, —0.33], p = 0.001; I = 82 %),
ICU admission (SMD = —0.96 95%CI [—1.27, —0.64], p < 0.00001; 2=

PubMed (n = 243)
Embase (n= 604)

Records identified through database searching (n = 1204)
Web of science (n = 346)
Cochrane library (n=11)

Additional records identified
through other sources

Reference lists (n = 7)

A4

Records after duplicates removed (n = 765)

Records screened (n = 765)

Records excluded by title/abstract (n = 602)

A 4

Full-test articles assessed for
eligibility (n = 163)

Full-text articles excluded (n = 123):

1. Did not report parameters of

Studies included in this

meta-analysis (n = 40)

[Included] [ Eligibility ] [ Screening ] [IdentiﬁcationJ

A 4

VWF-ADAMTS13 axis (n = 41)

2. Did not report comparable outcomes (n= 50)
3. Unable to extract data (n = 29)

4. Non-English language (n = 3)

Fig. 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram.
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Table 1

Characteristics of the included studies.

Total Favorable clinical outcomes Unfavorable clinical outcomes
Study Country Design Period Size  Age Gender, Endpoints ~ Size  Age Gender, Size  Age Gender,n  VWF-related Quality
(year) n (year) n (year) (Female/ variables (NOS)
(Female/ (Female/ Male)
Male) Male)
Bauer et al. Germany Prospective; March 2020-June 17 70.1 (IQR, 11/6 ICU 10 63.7 (IQR, 6/4 7 71.9 (IQR, 5/2 VWEF: Ag; VWF: 8
Single center 2020 55.6-72.0) admission 52.5-71.0) 57.5-76.8) Rco
Bazzan et al. Italy Retrospective; N/A 88 N/A N/A Mortality 79 59.37 £ 12.7 25/54 9 71.89 £7.1 3/6 VWF: Ag; 7
Single center ADAMTS13: Ac
Blasi et al. Spain Prospective; April 2020 23 64 (IQR, 9/14 ICU 11 58 (IQR, 3/8 12 69 (IQR, 6/6 VWEF: Ag; 7
Single center 53-74) admission 42-74) 57-76) ADAMTS13: Ac;
FVIIL
Cugno et al. Italy Prospective; March 1, 2020- 104 N/A N/A Severity 58 N/A N/A 46 N/A N/A VWEF: Ag 7
Single center April 15, 2020
De Jongh Netherlands  Cross-sectional;  N/A 16 N/A N/A Mortality 11 62.5 + 13.7 N/A 5 78.0 + 6.4 N/A VWE: Ag; 5
et al. Single center ADAMTS13: Ac;
FVIII
Delrue et al. France Prospective; March 17, 2020- 133 65 (IQR, 97/26 Mortality 110 N/A N/A 23 N/A N/A ADAMTS13: Ac 5
Single center 11 April 2020 56-75)
Doevelaar Germany Prospective; N/A 75 66 + 16 38/37 Mortality 62 N/A N/A 13 N/A N/A VWF: Ag/ 6
et al. Single center ADAMTS13
ratio;
ADAMTS13: Ac
Dupont et al. France Prospective; March 21, 2020- 82 60 + 14 18/64 Mortality 60 N/A N/A 22 N/A N/A VWEF: Ag 9
Single center April 16, 2020
Dushianthan GBR Retrospective; March 2020- 65 N/A N/A Mortality 54 N/A N/A 11 N/A N/A VWEF: Ag; 7
et al. Single center March 2021 ADAMTS13: Ac;
VWF: Ag/
ADAMTS13
ratio; FVIII
Fan et al. Singapore Prospective; June 2020-January 20 60 (IQR, 4/16 Severity 10 60 (IQR, 2/8 10 60 (IQR, 2/8 VWE: Ag; FVIII 8
Multi-center 2021 49.5-64.5) 50-65) 49-64)
Fernandez Spain Prospective; May 1, 2020-May 34 N/A N/A Severity 24 53 (IQR, 10/14 10 66 (IQR, 3/7 VWEF: Ag; 7
et al. single center 31, 2020 43-71) 52-75) ADAMTS13: Ac
Francischetti United Cross-sectional;  April 2020-October 66 N/A 33/33 Severity 40 47 (IQR, 21/19 26 66 (IQR, 12/14 VWEF: Ag; VWF: 7
et al. States Single center 2020 22-65.2) 34-78) Ac; ADAMTS13:
Ac
Goshua et al. United Cross-sectional; April 13, 68 62 +16 27/41 ICU 20 58 +15 15/33 48 64 + 16 12/8 VWE: Ag; FVIII 7
States Single center 2020-April 24, admission
2020
Helin et al. Finland Retrospective; April 2020- 78 56 (Range, 34/44 ICU 44 N/A 23/21 34 N/A 11/23 FVIII 5
Single center May 2020 16-87) admission
Henry et al. United Prospective; April 2020- 52 51 (IQR, 22/30 Severity 36 N/A N/A 16 N/A N/A VWEF: Ag; 6
States Single center May 2020 39-66) ADAMTS13: Ac;
VWE: Ag/
ADAMTS13
ratio
Herr et al. Germany Prospective; March 2020-July 35 63.86 + 3.18 9/26 Mortality 24 61.96 + 4.3 N/A 11 68.27 +3.72) N/A VWEF: Ag 7
Multi-center 2020
Joly et al. France Prospective; March 18, 53 59 (IQR, 14/39 Mortality 38 60 (IQR, 12/26 15 58 (IQR, 2/13 VWEF: Ag; 7
Single center 2020-May 9, 2020 53-66) 50-64) 56-67) ADAMTS13: Ac;
VWEF: Ag/
ADAMTS13

ratio

(continued on next page)
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Table 1 (continued)

Total Favorable clinical outcomes Unfavorable clinical outcomes
Study Country Design Period Size  Age Gender, Endpoints Size  Age Gender, Size  Age Gender,n  VWF-related Quality
(year) n (year) n (year) (Female/ variables (NOS)
(Female/ (Female/ Male)
Male) Male)
Jothimani et India Prospective; July 1, 2020- 35 50 (IQR, 13/22 ICU 27 N/A N/A 8 N/A N/A VWEF: Ag 6
al Single center July 12, 2020 44.5-55.7) admission
Lichter et al. Israel Retrospective; March 10, 2020- 39 N/A N/A ICU 5 N/A N/A 34 57 (Range, 10/24 FVIII 7
Single center April 26, 2020 admission 22-76)
January 5, 2021-
February 4, 2021
Lopez- Mexico Prospective; July 2020- 55 N/A N/A Severity 37 44.52 £ 12.7 11/26 18 63.77 £ 13.8 9/9 VWEF: Ag 8
Castaneda Single center September 2020
et al.
Mancini et al.  Italy Retrospective; March 2020-mid- 33 N/A N/A Severity 14 58 (Range, 7/7 19 59 (Range, 6/13 VWEF: Ag; VWF: 7
Single center April 2020 27-85) 40-71) Ac; ADAMTS13:
Ac;
VWEF: Ag/
ADAMTS13
ratio
Marchetti Italy Prospective; March 23, 2020- 63 62 (Range 18/45 Mortality 50 N/A N/A 13 N/A N/A VWEF: Ag; VWF: 7
et al. Single center May 30, 2020 35-88) Rco
Marco et al. Spain Prospective; April 2020- 152 N/A N/A Mortality 143 N/A N/A 9 N/A N/A VWE: Ag; 6
single center May 2020 50 68.39 (IQR, 16/34 ICU 28 N/A N/A 22 N/A N/A ADAMTS13: Ac;
61.43-79.05) admission VWEF: Ag/
ADAMTS13
ratio
Martiin-Rojas Spain Retrospective; April 2020 62 61.8 + 15.2 10/43 Mortality 51 61.2 + 15.4 16/35 11 64.7 + 14.9 3/8 VWEF: Ag; 8
et al. Single center ADAMTS13: Ac;
FVIII
Martiin-Rojas Spain Retrospective; April 3, 2020-May 206 63.6+13.4 75/131 Mortality 188  62.4 +129 68/120 18 76.0 + 12.3 7/11 FVIII 7
etal. Single center 3, 2020 ICU 180 64.22 + 67/113 26 59.9 + 9.55 8/18
admission 13.84
Montiel et al. Belgium Prospective; April 27, 60 N/A 13/47 ICU 30 52.1 £13.5 8/22 30 61.3 + 8.7 5/25 VWEF: Ag; VWF: 8
Single center 2020-November 3, admission Rco;
2020 ADAMTS13: Ac;
VWEF: Ag/
ADAMTS13
ratio
Nougier et al. France Prospective; N/A 78 60.2 + 14.4 27/51 ICU 30 60.2 + 14.6 N/A 48 62.8 +£13.1 N/A FVIII 8
Single center admission
Pascreau France Prospective; N/A 70 N/A N/A Mortality 55 N/A N/A 15 N/A N/A VWEF: Ag 6
etal. Single center 66 ICU 44 N/A N/A 22 N/A N/A
admission
Philippe et al. France Prospective; March 13, 2020- 185 N/A N/A Severity 96 65.5 (IQR, 41/55 89 62.0 (IQR, 24/65 VWE: Ag; VWF: 8
Multi-center June 26, 2020 55.0-76.0) 51.0-71.0) Rco
Philippe et al. France Cross-sectional; N/A 77 N/A N/A Severity 37 63 (IQR, 12/25 40 62 (IQR, 7/33 ADAMTS13: Ac; 7
Single center 52-72) 53-72) VWF: Ag/
ADAMTS13
ratio
Rauch et al. France Prospective; March 20, 2020- 243 639+ 16.2 88/155 Mortality 211 N/A N/A 32 N/A N/A VWEF: Ag; FVIII 8
Single center April 17, 2020
Rodriguez France Retrospective; March 15, 2020- 100  60.5 30/70 Mortality 81 N/A N/A 19 N/A N/A VWE: Ag; 7
et al. Single center April 1, 2020 Severity 50 N/A N/A 50 N/A N/A ADAMTS13: Ac
Sinkovits Hungary Prospective; April 20, 2020- 102 67 (IQR, 46/56 Mortality 77 N/A N/A 25 N/A N/A VWE: Ag; 7
et al. Single center July 2, 2020 56-76) Severity 60 N/A N/A 42 N/A N/A ADAMTS13: Ac;

(continued on next page)
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Table 1 (continued)

Total Favorable clinical outcomes Unfavorable clinical outcomes
Study Country Design Period Size  Age Gender, Endpoints ~ Size  Age Gender, Size  Age Gender,n  VWF-related Quality
(year) n (year) n (year) (Female/ variables (NOS)
(Female/ (Female/ Male)
Male) Male)
VWEF: Ag/
ADAMTS13
ratio
Sweeney et al. United Retrospective; March 26, 2020- 181 N/A N/A Mortality 91 62.0 (IQR, 45/46 90 72.5 (IQR, 30/60 VWEF: Ag; VWF: 8
States Single center May 5, 2020 50.5-70.0) 63.3-79.8] Rco;
ADAMTS13: Ac;
FVIIL
Thangaraju United Retrospective; April 14, 2020- 543 63 (Range, N/A Mortality 433 N/A N/A 110 N/A N/A VWEF: Ag; 6
et al. States Single center May 312,020 3.0-99) ADAMTS13: Ac;
VWF: Ag/
ADAMTS13
ratio; FVIII
Thomas et al. India Prospective; July 22, 71 N/A N/A Severity 34 35.5 (IQR, 12/22 37 57 (IQR, 3/34 VWEF: Ag 6
Single center 2020-August 3, 29-49) 49-62)
2020
Tiscia et al. Italy Prospective; March 74 68.0 (IQR, 43 ICU 52 69.0 26/26 22 63.0 5/17 VWEF: Ag; VWF: 7
Single center 12,020-September 22.0) admission (IQR,19.7) (IQR,15.2) Rco;
30, 2020 ADAMTS13: Ac;
VWEF: Ag/
ADAMTS13
ratio; FVIII
Torres-Ruiz Mexico Prospective; March 2020- 70 N/A N/A Severity 34 34.00 (IQR, 15/19 36 54.50 (IQR, 6/30 VWEF: Ag 7
et al. Single center August 2020 27.25-43.00) 46.75-60.75)
Vassiliou Greece Prospective; March 22, 2020- 38 63 +11 7/31 Mortality 28 62 +11 5/23 10 68 + 10 2/8 VWEF: Ag 9
et al. Single center October 25, 2020
von Sweden Prospective; April 9, 2020- 102 N/A N/A Mortality 92 N/A N/A 10 N/A N/A VWEF: Ag; 7
Meijenfeldt Single center June 8, 2020 ADAMTS13: Ac;
et al. FVIII

Abbreviations: ADAMTS13: Ac, a disintegrin and metalloprotease with thrombospondin type I repeats, member 13: Activity; CI, confidence interval; FVIIL, factor VIII; ICU, intense care unit; IQR, interquartile range; NOS,

Newcastle-Ottawa Scale; VWF, von Willebrand factor; VWF: Ag, VWF antigen; VWF: Rco, VWF ristocetin cofactor.
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Favorable outcomes

Unfavorable outcomes
Mean D e

Mean D

Bazzan 295.5 132.76 79 39552 113.21 9
De Jongh 235 38.3 11 260.4 127 5
Dupont 175.5588 163.3102 60 2924707 303.5228 22
Dushianthan 415.8937 275.1071 54 539.6659 273.8967 11
Herr 429.61 54.04 24 48136  591.19 11
Joly 329.5513 72.4194 38 443.951 162.7609 15
Marchetti 512.2212 432.0304 50 582.835 580.5585 13
Marco 156.2896 85.6748 143 359.6447 76.9719 9
Martin-Rojas (2021) 213.6844 32.8269 11 510.4985 171.2633 51
Pascreau 396.7472 162.1509 55 440.857 138.2241 15
Rauch 356 130 21 398 109 32
Rodriguez 280.9246 101.8967 81 360.4147 84.9027 19
Sinkovits 237.9632  52.885 77 396.3028 150.9347 25
Sweeney 389.115 210.169 91 4493111 218.7956 90
Thangaraju 274.9192 155.8266 433 387.2248 260.8186 110
Vassiliou 9.6123  5.1713 28 20.231 20.45 10
von Meijenfeldt 340.3521 140.8413 92 45522 242521 10
Subtotal (95% Cl) 1538 457

Heterogeneity: Tau? = 0.21; Chi? = 69.73, df = 16 (P < 0.00001); I = 77%
Test for overall effect: Z = 5.85 (P < 0.00001)

ICU

Bauer 230.1354  72.9283 10 299.4536 126.7588 7
Blasi 240.6377 117.9054 11 376.5225 140.8848 12
Goshua 278 133 20 565 199 48
Jothimani 1827 376 27 252.9 106.6 8
Marco 280.8067 99.9883 28 368.277 50.4815 22
Martin-Rojas (2021) 216.3905 30.9321 31 306.7707 231.1356 31
Montiel 341.9 126.8 30 418.2 112.9 30
Pascreau 397.0886 171.6661 44 4498993 72.1164 22
Tiscia 2228 23.1783 52 494.1 287.5146 22
Subtotal (95% Cl) 253 202
Heterogeneity: Tau? = 0.16; Chi? = 20.59, df = 8 (P = 0.008); 1> = 61%

Test for overall effect: Z = 5.53 (P < 0.00001)

Severe

Cugno 262.6466 262.2768 58 440.3426 318.3463 46
Fan 204.6775 67.9403 10 264.022 98.9004 10
Fernandez 234.1488 100.8714 24 356.431 127.2805 10
Francischetti 279.3297  87.9656 40  349.89 29.4909 26
Henry 268.8837 91.4912 36 286.1672 83.1517 16
Herr 361.39 33.61 25 632.5 89.67 10
Lopez-Castaneda 133.9 20.18 37 1563.5 243 18
Mancini 267.2721 69.1943 14 463.3908 125.7522 19
Philippe 289.4081 90.3196 96 510.5219 126.5991 89
Rodriguez 267.1332 86.2534 50 339.7823 101.5195 50
Sinkovits 251.1845 121.5332 60 400.0868 177.3123 42
Thomas 194.8853  94.4202 34 3421316 70.9527 37
Torres-Ruiz 356.9916 118.6212 34 450.6001 310.9001 36
Subtotal (95% CI) 518 409
Heterogeneity: Tau? = 0.46; Chi? = 88.51, df = 12 (P < 0.00001); I = 86%

Test for overall effect: Z = 5.65 (P < 0.00001)

Total (95% CI) 2309 1068

Heterogeneity: Tau? = 0.30; Chi? = 200.03, df = 38 (P < 0.00001); I = 81%
Test for overall effect: Z = 9.37 (P < 0.00001)
Test for subaroun differences: Chi? = 2.63. df = 2 (P = 0.27). 12 =23.9%
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Std. Mean Difference Std. Mean Difference

95% Cl v 95% Cl
24%  -0.76[-1.46,-0.06] —
17%  -0.73[-1.82,0.37] ——
28%  -0.55[-1.05,-0.06] =
25%  -0.44[-1.10,021] —T
24%  -0.15[-0.87,0.56] -
25%  -1.07[1.71,-0.44] ——
26%  -0.15[-0.76,0.46] -1
24%  -2.37[-3.10,-1.65] —
23%  -1.87[2.60,-1.13] .
27%  -0.28[-0.85,0.30] —-
31%  -0.33[0.70,0.04] —
28%  -0.80[-1.31,-0.28] -
28%  -1.80[-2.32,-1.29] ——
32%  -0.28[-0.57,0.01] =
33%  -0.62[-0.83,-0.40] o
23%  -0.93[1.69,-0.18] —
25%  -0.75[-1.41,-0.09] ——

44.3%  -0.79 [-1.05, -0.52] *
18%  -0.67[1.67,0.33] ——T
21%  -1.00[-1.88,-0.13] ——
26%  -1.55[2.14,-0.97) .

21%  -1.16[-2.00,-0.32] —
26%  -1.05[-1.65,-0.45] .
28%  -0.54[1.05,-0.03] =
28%  -0.63[-1.15,-0.11] ==
28%  -0.36[-0.87,0.16] —T
27%  -1.72[2.29,-1.14] —

22.3%  -0.96 [-1.30, -0.62] <&
30%  -0.61[-1.01,-0.22) —
20%  -0.67[-1.58,0.24] —T
22%  -1.10[-1.88,-0.31] —
28%  -0.98[1.50,-0.46] —
26%  -0.19[0.78,0.40] =
13%  -482(6.23,-342)

26%  -0.90[-1.48,-0.31] —
21%  -1.81[-2.64,-0.98] —
31%  -2.02[-2.37,-166] =
30%  -0.77[1.17,-0.36] e
30%  -1.01[1.42,-0.59] =
27%  -1.75[-2.31,-120] —_
29%  -0.39[-0.86,0.08] —
33.4%  -1.18[-1.59, -0.77] <
100.0%  -0.95[-1.15, -0.75] ¢
4 2 0 2 4

Favours [Favorable] Favours [Unfavorable]

Fig. 2. Forest plot of the association between VWF:Ag and composite clinical outcomes.

0 %), and severe disease (SMD = —1.06 95%CI [—1.61, —0.52], p =
0.0001; I = 74 %) (Table 2 and Fig. $4).

3.2.5. FvIll

A total of 15 studies comprising of 1970 patients were included. The
plasma levels of FVIII were significantly higher in patients with unfa-
vorable outcomes than those with favorable outcomes (SMD = —0.69
95%CI [—-1.05, —0.33], p = 0.0002; 12 = 88 %; Fig. 6). Subgroup ana-
lyses (Table 2 and Fig. S5) further showed that plasma FVIII levels were
significantly higher in COVID-19 patients who were admitted to ICU
(SMD = —0.81 95%CI [—1.15, —0.47], p < 0.00001; I? = 67 %), while
there was no significant difference between non-survivors and survivors
(SMD = —0.62 95%CI [-1.27, 0.04], p = 0.06; 12 = 93 %).

3.3. Publication bias

All included studies were assessed with 5 to 9 points (Table 1). The
funnel plot was used to assess the publication bias for endpoint measures
which pooled more than ten studies. No apparent publication bias was
found in all the eligible endpoints. The funnel plots were listed in the
supplement Fig. S6.
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4. Discussion

This meta-analysis found a significant association between imbal-
anced VWF-related variables (massive quantitative and qualitative in-
creases of VWF with relative deficiency of ADAMTS13) and outcomes in
patients with COVID-19. However, the question remains as whether
these VWF-related variables should be considered as an independent
entity or part of CAC.

4.1. COVID-19-associated endotheliopathy and coagulopathy

CAC was first described by Tang et al. in a single-center study in
Wuhan, China [4]. Autopsy results from COVID-19 deaths have consis-
tently highlighted the marked endotheliopathy, which is characterized
with EC desquamation, cytoplasmic vacuolization, swelling, tight junc-
tion disruption, and loss of contact with the basilar membrane in the
lung, heart, brain, mesentery, and kidney [88,89]. Recent evidence
suggests that endotheliopathy contributes to hyperinflammatory and
hypercoagulable states that predispose COVID-19 patients to thrombosis
and microvascular events [23-25]. Won et al. [90] reported the upre-
gulated pro-coagulants, downregulated anti-coagulants and severe
thrombosis, and infiltration of activated macrophages, monocytes, and T
cells within autopsy lungs of COVID-19 patients. Ranucci et al. [91]
demonstrated a closely correlation between interleukin (IL)-6 and
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Table 2
Summary of stratified subgroup analysis of VWF-ADAMTS13 axis-related parameters between unfavorable and favorable clinical outcomes.
VWE: Ag
Endpoints Number of studies Favorable clinical Unfavorable clinical Total patients, Standard mean difference, P value 12
included outcomes outcomes n 95%CI
(total patients, n) (total patients, n)
Mortality 17 1538 457 1995 —0.79 [-1.05, —0.52] p< 77
0.00001 %
ICU 9 253 202 455 —0.96 [-1.30, —0.62] p< 61
admission 0.00001 %
Severity 13 518 409 927 —1.18 [-1.59, —0.77] p< 86
0.00001 %
VWF: Rco
ICU 3 92 59 151 —0.85 [-1.20, —0.50] p< 21
admission 0.00001 %
Severity 3 150 134 284 —1.29 [-2.30, —0.29] p=0.001 91
%
ADAMTS13: Ac
Mortality 13 1322 350 1672 0.78 [0.57, 1.00] p< 55
0.00001 %
ICU 5 152 117 269 0.72[0.31, 1.13] p = 0.0006 60
admission %
Severity 7 261 203 464 0.76 [0.34, 1.19] p = 0.0004 77
%
VWEF: Ag/ADAMTS13: Ac Ratio
Mortality 5 664 174 838 —0.85 [-1.36, —0.33] p =0.001 82
%
ICU 3 110 74 184 —0.96 [-1.27, —0.64] p< 0%
admission 0.00001
Severity 4 147 117 264 —1.06 [-1.61, —0.52] p = 0.0001 74
%
FVIII
Mortality 8 1067 255 1322 —0.62 [-1.27, —0.04] p=0.06 93
%
ICU 8 373 255 628 —0.81 [-1.15, —0.47] p< 67
admission 0.00001 %

Abbreviations: ADAMTS13: Ac, a disintegrin and metalloprotease with thrombospondin type I repeats, member 13: Activity; CI, confidence interval; FVIII, factor VIII;
ICU, intense care unit; VWF, von Willebrand factor; VWF: Ag, VWF antigen; VWF: Rco, VWF ristocetin cofactor.

Favorable Outcomes Unfavorable Outcomes Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD__ Total Mean SD___ Total Weight IV, 95% Cl 1V, 95% ClI
Death
Marchetti 379.8114 279.3695 50 449.85 229.2334 13 12.3% -0.26 [-0.87, 0.36] T
Sweeney 299.6071 140.1127 91 337.5518 160.4803 90 14.4% -0.25[-0.54, 0.04] =
Subtotal (95% CI) 141 103  26.8% -0.25[-0.52, 0.01] L/

Heterogeneity: Tau? = 0.00; Chi* = 0.00, df = 1 (P = 0.99); I> = 0%
Test for overall effect: Z = 1.87 (P = 0.06)

icu
Bauer 179.1061  31.5621 10 207.1239  70.2685 7 95% -0.52[-1.51,0.46] I
Montiel 2682  100.7 30 3285 88.5 30 13.0%  -0.63[-1.15,-0.11] .
Tiscia 266.5 142.4245 52 439.8 154.6936 22 129% 117 [-1.71,-0.64] —
Subtotal (95% Cl) 92 59 354%  -0.84[-1.24,-0.43] <&

Heterogeneity: Tau? = 0.03; Chi? = 2.53, df = 2 (P = 0.28); 1> = 21%
Test for overall effect: Z = 4.07 (P < 0.0001)

Severe

Francischetti 166.4577 221.8 40 221.8 68.8645 26 13.2% -0.31[-0.80, 0.19] ™
Mancini 222.5507 60.9568 14 384.3974 88.1066 19  10.4% -2.03 [-2.89, -1.16] -
Philippe 226.7756 76.7717 96 424.3578 153.7275 89 14.2% -1.64 [-1.97, -1.30] -
Subtotal (95% Cl) 150 134  37.8% -1.29 [-2.30, -0.29] ’

Heterogeneity: Tau? = 0.70; Chi? = 22.03, df = 2 (P < 0.0001); > =91%
Test for overall effect: Z = 2.53 (P = 0.01)

Total (95% CI) 383 296 100.0%  -0.83[-1.33,-0.34] <
Heterogeneity: Tau? = 0.42; Chi? = 54.86, df = 7 (P < 0.00001); I2 = 87% 4 2 o 2 jt
Test for overall effect: Z = 3.30 (P = 0.0010)

Favours [Favorable] Favours [Unfavorable]
Test for subaroun differences: Chi2 = 8.42. df = 2 (P = 0.01). 1> = 76.2% [ ] [ 1

Fig. 3. Forest plot of the association between VWF:Rco and composite clinical outcomes.

fibrinogen in patients with COVID-19. A correlation between inflam- whereby COVID-19 induces endothelial injury, immune dysregulation,
matory cytokines and VWF was also reported by Dupont and colleagues and inflammation, with resultant thrombosis and further propagation of
[24]. The coordinated activation of the inflammatory and thrombotic inflammation [92,93]. Ciceri et al. [94] thus recommended the use of
responses is now termed immunothrombosis (or thromboinflammation), MicroCLOTS (microvascular COVID-19 lung vessels obstructive

90
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Favorable Outcomes

Unfavorable Outcomes

__Study or Subgroup Mean SD__ Total Mean SD Total Weight
Death
Bazzan 50.6 18.17 79 32.17 15.56 9 3.3%
De Jongh 805.4 203.3 1" 432.5 107.6 5 1.4%
Delrue 70.0553 26.2922 110 45.8058 17.9369 23 47%
Doevelaar 726 20.4 62 452 18 13 3.6%
Dushianthan 57.3582 23.1541 54 50.1955 37.9163 1 3.5%
Joly 117.1308 33.8984 38 88.267 38.441 15 3.7%
Marco 56.2933 24.3394 143 35.6178 17.0563 9 3.4%
Martin-Rojas (2021) 66.7691 31.2775 51 45.4709 16.9648 1 3.5%
Rodriguez 65.1964 20.9832 81 44.6697 18.8228 19 4.3%
Sinkovits 78.5829 38.5305 77 43.7156 18.8668 25  46%
Sweeney 63.2126 23.8794 91 50.103 21.7741 90 58%
Thangaraju 58.9846 25.8099 433 50.8142 24.1513 110 6.4%
von Meijenfeldt 67.8873 24.1012 92 52.566 18.9201 10 3.5%
Subtotal (95% CI) 1322 350 51.8%
Heterogeneity: Tau? = 0.07; Chi? = 26.50, df = 12 (P = 0.009); I* = 55%
Test for overall effect: Z = 7.18 (P < 0.00001)
ICU
Blasi 51.1849 37.7467 11 43.563 25.4934 12 2.7%
Marco 49.4628 16.0138 28 41.8286 26.9446 22 4.1%
Martin-Rojas (2021) 76.0808 28.7559 31 47.494 14.7666 31 4.2%
Montiel 92.6 6.9 30 78.8 15 30 4.1%
Tiscia 80 22.8733 52 70 15.8498 22 4.4%
Subtotal (95% CI) 152 117 19.5%
Heterogeneity: Tau? = 0.13; Chi? = 9.89, df = 4 (P = 0.04); I> = 60%
Test for overall effect: Z = 3.44 (P = 0.0006)
Severe
Joly 78.865 31.5223 24 95.6745 9.46 10 3.0%
Mancini 60.0099 26.0667 40 53.226 21.177 26 4.5%
Marco 98.6477 18.1438 36 74.5715 32.1065 16 3.7%
Montiel 84.9114 24.7122 14 55 20.8252 19 3.0%
Philippe 85.1776 14.5762 37 64.1257 21.2994 40 4.6%
Rodriguez 69.3893 23.4335 50 52.386 20.2276 50 5.1%
Sinkovits 86.652 37.9791 60 46.5175 17.6545 42 4.9%
Subtotal (95% CI) 261 203  28.7%
Heterogeneity: Tau? = 0.24; Chi? = 26.09, df = 6 (P = 0.0002); I* = 77%
Test for overall effect: Z = 3.53 (P = 0.0004)
Total (95% CI) 1735 670 100.0%

Heterogeneity: Tau? = 0.11; Chi® = 65.04, df = 24 (P < 0.0001); I> = 63%

Test for overall effect: Z =

8.77 (P < 0.00001)

Test for subaroup differences: Chi? = 0.07. df = 2 (P = 0.97). 1= 0%

Favorable outcomes

Unfavorable outcomes

Total Weight IV. Random. 95% ClI

Std. Mean Difference
IV, Random, 95% ClI
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Std. Mean Difference

1V,

95% Cl

1.02[0.31,1.72]
1.95 [0.63, 3.26]
0.96 [0.50, 1.43]
1.35[0.72, 1.99]
0.27[-0.38, 0.92)
0.81[0.19, 1.43]
0.86 [0.18, 1.54]
0.720.05, 1.38]
0.99[0.47, 1.51]
0.99 [0.52, 1.47]
057 [0.27, 0.87]
0.32[0.11, 0.53]
0.64 [-0.02, 1.30]
0.78 [0.57, 1.00]

0.23[-0.59, 1.05]
0.35[-0.21, 0.91]
1.23[0.69, 1.78]
1.17[0.62, 1.72]
0.47 [-0.03, 0.97]
0.72[0.31,1.13]

-0.60 [-1.36, 0.15]
0.28[-0.22,0.77]
1.02[0.40, 1.64]
1.29[0.53, 2.06]
1.13[0.65, 1.62]
0.77[0.36, 1.18]
1.27 [0.84, 1.71]
0.76 [0.34, 1.19]

0.78 [0.60, 0.95]

Std. Mean Difference

__Study or Subgroup Mean SD__ Total Mean SD
Death
Doevelaar 3.73 4.67 62 7.69 9.71 13 7.8%
Dushianthan 8.6167 8.0735 54 12.4535 13.0629 1" 7.4%
Joly 3.0597 0.9399 38 5.107 3.337 15 7.6%
Sinkovits 3.7115 2.5687 77 10.255 6.2889 25 8.6%
Thangaraju 6.7471 4.6584 433 89046 6.3079 110  11.0%
Subtotal (95% Cl) 664 174 42.5%
Heterogeneity: Tau? = 0.27; Chi? = 22.67, df = 4 (P = 0.0001); I = 82%
Test for overall effect: Z = 3.23 (P = 0.001)
ICU
Marco 6.2733 4.8666 28 12.2238 10.3261 22 8.0%
Montiel 3.7 1.4 30 5.4 1.7 30 8.3%
Tiscia 29 1.3724 52 5.7 4.5964 22 8.5%
Subtotal (95% ClI) 110 74 24.9%
Heterogeneity: Tau? = 0.00; Chi* = 0.69, df =2 (P = 0.71); I = 0%
Test for overall effect: Z = 5.93 (P < 0.00001)
Severe
Henry 2.812 1.1504 36 3.97 1.8 16 7.8%
Mancini 1.184 0.198 14 1.23 0.072 19 71%
Philippe 3.4564 1.3034 37 85397 3.7678 40 85%
Sinkovits 3.0706 1.823 60 9.2581 7.6759 42 9.4%
Subtotal (95% Cl) 147 17 32.7%
Heterogeneity: Tau? = 0.23; Chi2 = 11.61, df = 3 (P = 0.009); I> = 74%
Test for overall effect: Z = 3.81 (P = 0.0001)
Total (95% Cl) 921 365 100.0%

Heterogeneity: Tau? = 0.19; Chi? = 45.45, df = 11 (P < 0.00001); I* = 76%
Test for overall effect: Z = 6.29 (P < 0.00001)
Test for subaroun differences: Chi? = 0.32. df = 2 (P = 0.85). I = 0%
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Fig. 4. Forest plot of the association between ADAMTS13:Ac and composite clinical outcomes.

Std. Mean Difference

V. Rand

95% Cl

-0.67 [-1.28, -0.07]
-0.42[-1.07, 0.23]
-1.05 [-1.68, -0.42]
1.71[-2.22,-1.19]
-0.43 [-0.64, -0.22]
-0.85 [-1.36, -0.33]

-0.76 [-1.34, -0.18]
-1.08 [-1.62, -0.53]
-1.01 [-1.54, -0.49)]
-0.96 [1.27, -0.64]

-0.83[-1.44, 0.22]

-0.32 [-1.02, 0.37]
1.76 [-2.29, -1.23]
-1.20 [-1.63, 0.77)
-1.06 [-1.61, -0.52]

-0.94 [-1.24, -0.65]
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2 4

Fig. 5. Forest plot of the association between VWF:Ag/ADAMTS13:Ac ratio and composite clinical outcomes.

thromboinflammatory syndrome) to define thromboinflammatory
response to COVID-19. A prevalent view holds that SARS-CoV-2 enters
ECs directly by binding to the transmembrane angiotensin-converting
enzyme 2 (ACE2) receptor [89,95,96]. But more recent studies have
disputed the expression of ACE2 on ECs in postmortem COVID-19 tissues
and in cultured ECs, and they suggest that the endotheliopathy is
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induced by pro-inflammatory cytokine milieu, complement activation,
or tissue hypoxia [90,97-99]. Ma et al. [100] recently reviewed and
summarized that ROS, VEGFA/VEGFR2, and HMGB1/RAGE/TLR4 are
potential signaling pathways that involved in the COVID-19-associated
endotheliopathy. These findings explain why patients with conditions
of systemic endotheliopathy, such as cardiovascular disease, diabetes
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Favorable Outcomes Unfavorable Outcomes
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Std. Mean Difference Std. Mean Difference

__Study or r Mean SD__ Total Mean SD __ Total Weight IV 95% Cl 1V, 95% Cl
Death
De Jongh 312 106 11 372 41 5  44% -0.62 [-1.70, 0.47] —
Dushianthan 255.0608 71.5949 54 259.5516 95.427 11 5.9% -0.06 [-0.71, 0.59] 1
Martin-Rojas (2020) 176.4891  56.1802 188 163.9473 31.0521 18  6.4% 0.23 [-0.25, 0.71] T
Martin-Rojas (2021) 182.3 8.9 51 251.3 247 1 4.1% -5.26 [-6.42, -4.10] —
Rauch 241 98 211 239 84 32 6.7% 0.02 [-0.35, 0.39] a3
Sweeney 180.5369 101.3577 27 171.6609 106.4312 58 6.5% 0.08 [-0.37, 0.54] T
Thangaraju 187.25 147.7935 433 331.914 302.9613 110 71% -0.76 [-0.98, -0.55] =
von Meijenfeldt 217.9436 83.601 92 190.827 122.1205 10 5.8% 0.31[-0.35, 0.96] T
Subtotal (95% CI) 1067 255 46.9%  -0.62[-1.27,0.04] >
Heterogeneity: Tau? = 0.77; Chi? = 100.01, df = 7 (P < 0.00001); I> = 93%
Test for overall effect: Z = 1.85 (P = 0.06)
ICU
Blasi 149.3359 83.9758 11 181.8888 83.0214 12 5.2% -0.38 [-1.20, 0.45] -1
Goshua 251 90 20 398 11 48 6.1% -1.38 [-1.95, -0.81] -
Helin 221.2156 351.7623 44 251.0753 349.8191 34 6.5% -0.08 [-0.53, 0.36] -1
Lichter 287.8 101.7 5 404.8 95.1 34 4.7% -1.20 [-2.18, -0.22] -
Martin-Rojas (2020) 172.7033 51.4914 180 200.5385 50.8248 26 6.6% -0.54 [-0.95, -0.12] =
Martin-Rojas (2021) 154.7 46.6 31 234.4 713 31 6.2% -1.31[-1.86, -0.76] -
Nougier 160 28 30 199 65 48 6.5% -0.72 [-1.19, -0.25] -
Tiscia 95.2 47.2715 52 146.2 44.2208 22 6.3% -1.09 [-1.62, -0.56] -
Subtotal (95% Cl) 373 255 481%  -0.81[-1.15,-0.47] L 2
Heterogeneity: Tau? = 0.16; Chi* = 21.17, df = 7 (P = 0.004); I = 67%
Test for overall effect: Z = 4.63 (P < 0.00001)
Severe

an 174.8915  30.1001 10 201.9355 50.7402 10 5.0% -0.62 [-1.52, 0.28] -

Subtotal (95% Cl) 10  5.0% -0.62 [-1.52, 0.28] i
Heterogeneity: Not applicable
Test for overall effect: Z = 1.35 (P = 0.18)
Total (95% CI) 1450 520 100.0% -0.69 [-1.05, -0.33] <&
Heterogeneity: Tau? = 0.46; Chi? = 128.29, df = 16 (P < 0.00001); I* = 88% i‘ 2 o z i

Test for overall effect: Z = 3.78 (P = 0.0002)
Test for subaroup differences: Chi? = 0.36. df = 2 (P = 0.83). I?= 0%
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Fig. 6. Forest plot of the association between FVIII and composite clinical outcomes.

mellitus, chronic kidney disease, and cancer, are at a higher risk for
severe COVID-19. It is therefore also not surprisingly that endotheliop-
athy and resultant CAC are more severe in the elderly with preexisting
comorbidities [101-105]. An interesting question is as whether in-
dividuals on anti-platelet or anti-coagulant regimens for other condi-
tions are less vulnerable for more severe COVID-19. Although D-dimer
and fibrinogen are recognized to be related to thrombotic risk in COVID-
19 early during the pandemic [16]. Circulating soluble biomarkers
associated with endotheliopathy, including syndecan-1, VWF, selectins
P and E, and intercellular adhesion molecule-1 (ICAM-1) have emerged
as more clinically relevant biomarkers of CAC, multi-organ failure, and
disease severity [42,86,106,107]. However, whether these variables can
be used for prospective clinical assessments may require further studies
[106].

4.2. VWF-ADAMTS13 axis in COVID-19-associated endotheliopathy and
coagulopathy

VWEF is a large multimeric glycoprotein encoded by the VWF gene on
the short arm of chromosome 12, and is synthesized primarily in ECs and
megakaryocytes [108,109]. The architecture of pro-VWF composes four
types of domains that are constructed as repeats in the following order:
D1-D2-D’-D3-A1-A2-A3-D4-C1-C2-C3-C4-C5-C6-CK. The D1-D2 do-
mains represent VWFpp that is cleaved off by furin, and the D’-CK rep-
resents mature VWF monomer. Mature VWF and VWFpp are secreted in
equimolar amounts from ECs into plasma [110]. Upon synthesis, VWF is
either secreted constitutively as smaller multimers (basal secretion), or
stored in Weibel-Palade bodies (WPBs) of ECs and a-granules of platelets
where multimerization continues [large and ultra-large VWF (ULVWF)]
and release occurs upon various pathological stimuli (regulated release)
[109,111]. The majority of circulating VWF (80-90 %) in blood is
derived from ECs, and it is therefore frequently used as a biomarker for
endothelial activation or injury [26,109]. Autopsy results reveal that
VWF expression was increased in ECs of the lung, heart, and kidney from
COVID-19 patients [90]. Babkina et.al [112] found more intensive VWF
immunostaining in pulmonary ECs of COVID-19 patients with throm-
botic complications than those without thrombotic complications.
Moreover, platelet-VWF plug formation was present within the
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pulmonary microcirculation of patients with COVID-19 [13,24]. Several
studies have reported elevated plasma levels of VWF:Ag in patients with
COVID-19 compared with healthy controls, which confirmed a severe
inflammatory state and fulminant endotheliopathy
[51,52,55,59,63,67,70,75,87,113]. In addition, several studies found
increased levels of VWFpp in patients with COVID-19, however, this
increase was less pronounced than that of VWF:Ag. They assumed that
the decreased ratio of VWFpp to VWF:Ag indicated a diminished clear-
ance of VWF. Although the mechanism is unclear, this may further
contribute to the markedly increased VWF:Ag [53,68,114,115]. How-
ever, whether the increase in VWF is the result of increased production,
WPB exocytosis, or decreased clearance remains to be determined. Here,
we indicated that levels of VWF:Ag were higher in patients with poor
prognosis, consistent with those of two previous meta-analyses that
included 10 studies/996 patients and 7 studies/695 patients, respec-
tively [42,43]. Notably, Ward et al. [114] reported that elevated VWF:
Ag was persisted during 3-week ICU stay, suggesting the sustained
synthesis and release of VWF. The “post-acute COVID-19 syndrome”,
which is defined as having dyspnea, fatigue, sleep disorder, and exercise
intolerance following acute COVID-19 resolution, has also been attrib-
uted to persistent endotheliopathy [115,116]. Levels of plasma VWF:Ag
and VWFpp remained persistently high in some convalescent COVID-19
patients [115,117], and were correlated with elevated D-dimer levels
[115]. The mechanisms underlying these persistent endotheliopathy
after recovery from COVID-19 remain poorly understood. It is worth
noting that ECs of pulmonary small vessels and microvessels express
5-50 times higher concentrations of VWF mRNA than similar sized
vessels in the kidney and liver [118]. Another interesting observation is
that a greater absolute increase in VWF:Ag than FVIII (mainly synthe-
sized in hepatocytes [119]) in COVID-19 patients [78,114]. These may
highlight the predominantly pulmonary-centric nature of COVID-19 and
the critical roles of VWF in the pathophysiology of COVID-19.

Upon vascular injury, VWF undergo conformational changes that
expose the functional A1 domain, which is hidden in a globular structure
by forming a complex with the adjacent A2 domain, facilitating 1)
binding of platelets to subendothelium under blood flow through its
interactions with platelet receptor glycoprotein (GP)Iba (via A1 domain)
and subendothelial collagen (via A3 domain); 2) platelet-platelet
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interaction (platelet aggregation) by binding to platelet receptor GPIIb/
IIIa, thereby inducing hemostatic plug formation (primary haemostasis)
[120,121]. VWF also serves as chaperone for FVIII (via D’-D3 domain),
1) protecting FVIII from enzymatic degradation and extending its half-
life in blood; more importantly; 2) directing its localization to the site
of vascular injury and promoting coagulation cascades (secondary
haemostasis) [120,121]. The ULVWF freshly released from activated
ECs, either circulating in plasma or locating on endothelial surface, are
intrinsically active and hyperadhesive because the functional A1 domain
are continuously exposed [27,31]. Activated VWF and freshly released
ULVWEF can also mediate leukocyte recruitment to facilitate inflamma-
tory endotheliopathy at the site of injury and elsewhere either directly or
indirectly after binding platelets [122,123]. Consistent with this notion,
neutrophil activation and the formation of neutrophil extracellular traps
(NETs) have been found to be involved in thromboinflammatory
response to COVID-19 [124-126]. VWF interacts with NETs to provide a
scaffold for platelet/leukocyte adhesion thus promoting thrombus for-
mation and inflammation [28,127], which also observed in patients
with COVID-19 [24,128]. In addition, Ackermann et.al [89] reported an
unexpected new vessel growth within lungs of COVID-19 patients
through a mechanism of intussusceptive angiogenesis, and speculated
that it is because of endothelialitis and thrombosis in the lungs. Simi-
larly, we have recently shown that VWF served as a coupling factor that
tethered platelet-derived extracellular vesicles (EVs) to ECs, thus locally
concentrating vascular endothelial growth factor (VEGF) for aberrant
angiogenesis in patients with left ventricular assist device implantation
[129]. We also found that hyperadhesive VWF released during acute
traumatic brain injury mediated EVs to active ECs and platelets, thus
responsible for consumptive coagulopathy and vascular leakage in the
brain and the lung [31,32]. Increased circulating EVs, containing pro-
coagulant, proinflammatory, and prothrombotic factors in their cargo,
have been reported to be predictive biomarkers and likely to enhance
immunothrombosis in patients with COVID-19 [130-136]. Hence, VWF
tethered EVs (VWFEVs) may also be involved in COVID-19-associated
endotheliopathy and coagulopathy, and a promising diagnostic or
prognostic marker.

A key determinant of VWF functional capacity is that larger VWF size
is more active due to more monomeric subunits and higher sensitivity
for shear forces [137,138]. ADAMTS13, mainly synthesized in hepatic
stellate cells, is primarily responsible for specifically cleaving the
ULVWF (>10,000 kDa; Tyr1605-Met1606 peptide bond within A2
domain) to smaller and less active multimers (<10,000 kDa), thus pre-
venting the spontaneous intravascular platelet aggregation and resultant
thromboembolism, as is seen in patients with thrombotic thrombocy-
topenic purpura (TTP), while maintaining the basic hemostatic activity
of VWF [138,139]. Roh et al. [140] recently performed a case-control
plasma proteomics study, and demonstrated that, of the 4996 protein
analytes assessed, ADAMTS13 was the most significantly decreased in
severe COVID-19, and displayed the strongest inverse association with
myocardial injury. Abnormalities in plasma VWF multimeric pattern
have been reported in patients with COVID-19. Several groups reported
a relative decreased high molecular weight multimer (HMWM) of VWF
in COVID-19 patients [55,68,141], which could be explained by an early
increase in VWF proteolysis by ADAMTS13. This may also be attribut-
able in part to the formation of ULVWF-platelet aggregates and the
corresponding VWF and platelet consumption. However, thrombocyto-
penia is relatively rare in COVID-19 patients [4,16]. But other studies of
severe COVID-19 have observed evidence of increased HMWM [76,81].
The differences likely due to the study cohort recruitment, time of
sample collection, and the methodologies of VWF multimer distribution
[141]. The exact dynamic changes of VWF multimeric pattern after
COVID-19 still need further study. The majority of studies reported
normal or mildly to moderately decreased ADAMTS13:Ac levels
[51,62,70,72,80,87], and a strongly elevated VWF:Ag/ADAMTS13:Ac
ratio in patients with COVID-19 when compared to healthy controls,
especially in those with worse illness or in non-survivors [55,70,80]. We
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confirmed that lower levels of ADAMTS13:Ac and higher VWF:Ag/
ADAMTS13:Ac ratio and VWF:Rco were related to poor clinical out-
comes. Several lines of evidence indicated that this is because massive
increase of VWF with relative deficiency of ADAMTS13: 1) inflamma-
tory cytokines and/or tissue hypoxia induce massively increased WPB
exocytosis of VWF multimers by activating ECs [73,142-144]; 2) there is
no alteration in ADAMTS13 gene expression after stimulation of liver
cells with pro-inflammatory stimuli [145]; 3) there is no intracellular
storage pool of ADAMTS13 [146]. The latter two suggest AMAMTS13
may not increase as rapidly after COVID-19 as VWF does. Other possible
mechanisms contributing this imbalanced VWEF-ADAMTS13 axis
include: 1) inflammatory (including complement and NET products)
[144,147] and oxidative [148,149] mediators enhance VWF self-
association to increase VWF reactivity, make VWF resistant to cleav-
age, and reduce ADAMTS13 activity in cleaving VWF; 2) reduced
ADAMTS13 synthesis because of COVID-19-induced pathologies of the
liver [146,150,151]; 3) Considering high-density lipoprotein (HDL)
prevents VWF self-association, while low-density lipoprotein (LDL) has
the opposite effect [26]. HDL reduction and LDL elevation observed in
patients with COVID-19 may also contribute to the imbalanced VWF-
ADAMTS13 axis [62,152].

Although several case reports showed SARS-CoV-2 infection trigger
acute TTP [153-155], and therapeutic plasma exchange, a mainstay
treatment for TTP, has shown to reduce immunothrombosis while
improve respiratory parameters and clinical outcomes in critically ill
patients with COVID-19 [156-158]. CAC do not resemble a classic TTP
since there is lack of severe ADAMTS13 deficiency (activity levels <10
%), major thrombocytopenia, or hemolytic anemia
[22,54,64,68,70,80,81]. However, the imbalanced VWF-ADAMTS13
axis combined with clinical and pathologic findings of widespread
microvascular thrombi in multi-organs may suggest a secondary TMA-
like phenomenon [62], which can also be seen in other forms of TMA
(drug, cancer, or hematopoietic stem cell transplant induced TMA
[159]) and thrombotic disorders (e.g., severe sepsis, malaria, trauma,
and preeclampsia) [29-39]. Here, we speculate the mechanisms that
link VWF-ADAMTS13 axis, endotheliopathy, and CAC: SARS-CoV-2
direct invasion and/or indirect pathophysiologic conditions induce
endotheliopathy and subsequent overwhelming ULVWF release. Multi-
ple mechanisms, including pro-inflammatory and oxidative mediator
milieu, reduced hepatic ADAMTS13 synthesis due to liver injury, or
imbalanced HDL/LDL levels, induce reduced cleavage of ADAMTS13
and dysregulation of VWF proteolysis. This imbalanced VWF-
ADAMTS13 axis ultimately trigger immunothrombosis and lead to
CAC, first localized to lung, then eventually spreading systematically
and leading to multi-organ damage. Further vigorous experimental and
prospective clinical studies are warranted to elucidate the exact role of
VWF-ADAMTS13 axis in the pathophysiological process of COVID-19 as
well as the mechanisms by which it becomes imbalanced. Also, in
addition to aforementioned ultima ratio therapy of plasma exchange
(remove VWF and replenish ADAMTS13) [158], strategies that specif-
ically balance VWF-ADAMTS13 axis may have therapeutic effects on
COVID-19. A recent study from a cross-sectional cohort of 36 severe
COVID-19 patients indicated that incubation of patient plasma samples
with recombinant ADAMTS13 resulted in a time- and concentration-
dependent reduction in abnormally high VWF activity and VWF multi-
mer size, suggesting a potential therapeutic role in treating COVID-19
[160]. Caplacizumab is a humanized immunoglobulin specifically tar-
geting the VWF Al domain, blocking its interaction with platelet re-
ceptor GPIba and thereby preventing platelet aggregation. It is the first
nanobody drug approved by the US Food and Drug Administration
(FDA) to treat adult acquired TTP, which is caused by the development
of anti-ADAMTS13 autoantibodies and subsequent accumulation
ULVWEF [161,162]. We thus propose to consider caplacizumab as a new
treatment option. In this regard, anti-VWF Al aptamers, such as
ARC1779 [163], TAGX-0004 [164], and BT200 [165], may also be novel
therapies. Similarly, we recently demonstrated that recombinant VWF
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A2 domain prevented traumatic brain injury-induced coagulopathy by
selectively blocking the exposed A1l domain of the hyperadhesive VWF
[31]. We also found that A2 specifically bound activated VWF in the
plasma of a TTP patient [31]. In addition, N-acetylcysteine (NAC) is a
FDA-approved pleiotropic drug with anti-oxidant and anti-inflammatory
mechanisms, primarily for the treatment of pulmonary diseases. NAC
can also reduce VWF multimers and inhibit VWF-dependent platelet
aggregation and collagen binding [166]. Many studies have shown that
NAC reduced disease severity in the treatment of COVID-19 patients
[167-169]. Of interest, several clinical trials using NAC in COVID-19
have been registered and implemented (e.g., NCT04374461,
NCT04419025, and NCT05074121), and these results will clarify its
safety and efficacy [169].

4.3. Limitation

First, most of the included studies are observational retrospective
with small sample size, and the study results are high heterogeneous.
Second, there is no standardized method to measure VWF-related vari-
ables. These were either in-house assays or from different commercial
manufacturers, and thus might lead to different values. Third, the time
of sample collection varied and could attribute to different outcome
measures. Fourth, due to the lack of individual patient data, multivari-
able regression analyses could not be performed to adjust for potential
confounding influences (e.g., blood type, age, sex, body mass index,
diabetes, hypertension, and medication usage) [82,170]. Despite these
limitations, this study represents a large systematic reviews and meta-
analysis to investigate the association between changes in VWF-
related variables and clinical outcomes in the COVID-19 population.

5. Conclusion

Increased plasma levels of VWF:Ag, VWF:Rco, VWF:Ag/ADAMTS13:
Ac ratio, and FVIII, and decreased ADAMTS13:Ac are associated with
unfavorable outcomes of patients with COVID-19. However, there are
currently insufficient data available to recommend VWF-related vari-
ables as routine clinical assessments.
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