
Plasma and rhADAMTS13 reduce trauma-induced organ failure by
restoring the ADAMTS13-VWF axis

Derek J. B. Kleinveld,1,2 Derek D. G. Simons,1,2 Charlotte Dekimpe,3 Shannen J. Deconinck,3 Pieter H. Sloos,1,2 M. Adrie W. Maas,2

Jesper Kers,4-6 Joshua Muia,7 Karim Brohi,8 Jan Voorberg,9 Karen Vanhoorelbeke,3 Markus W. Hollmann,2,10 and Nicole P. Juffermans,2,11

on behalf of BloodNet
1Department of Intensive CareMedicine, 2Laboratory of Experimental Intensive Care and Anesthesiology, AmsterdamUMC, University of Amsterdam, Amsterdam, The Netherlands;
3Laboratory for Thrombosis Research, KU Leuven Campus Kulak Kortrijk, Kortrijk, Belgium; 4Department of Pathology, Amsterdam Infection & Immunity Institute, Amsterdam
Cardiovascular Sciences, Amsterdam UMC, University of Amsterdam, Amsterdam, The Netherlands; 5Van ‘t Hoff Institute for Molecular Sciences, University of Amsterdam,
Amsterdam, The Netherlands; 6Department of Pathology, Leiden University Medical Center, Leiden, The Netherlands; 7Department of Biochemistry and Microbiology, Oklahoma
State University Center for Health Sciences, Tulsa, OK; 8Centre for Trauma Sciences, QueenMary University of London, London, United Kingdom; 9Sanquin, Department of Cellular
Hemostasis, Amsterdam, The Netherlands; 10Department of Anesthesiology, Amsterdam UMC, University of Amsterdam, Amsterdam, The Netherlands; and 11Department of
Intensive Care Medicine, Onze Lieve Vrouwe Gasthuis, Amsterdam, The Netherlands

Trauma-induced organ failure is characterized by endothelial dysfunction. The aim of this

study was to investigate the role of von Willebrand factor (VWF) and its cleaving enzyme,

ADAMTS13 (a disintegrin and metalloproteinase with thrombospondin type 1 motifs,

member 13) in the occurrence of endothelial permeability and organ failure in trauma. In

an observational study in a level-1 trauma center, 169 adult trauma patients with clinical

signs of shock and/or severe injuries were included. Trauma was associated with low

ADAMTS13 and high VWF antigen levels, thus generating an imbalance of ADAMTS13 to

VWF. Patients who developed organ failure (23%) had greater ADAMTS13-to-VWF imbal-

ances, persistently lower platelet counts, and elevated levels of high-molecular-weight VWF

multimers compared with those without organ failure, suggesting microthrombi forma-

tion. To investigate the effect of replenishing low ADAMTS13 levels on endothelial perme-

ability and organ failure using either recombinant human ADAMTS13 (rhADAMTS13) or

plasma transfusion, a rat model of trauma-induced shock and transfusion was used. Rats in

traumatic hemorrhagic shock were randomized to receive crystalloids, crystalloids sup-

plemented with rhADAMTS13, or plasma transfusion. A 70-kDa fluorescein

isothiocyanate–labeled dextran was injected to determine endothelial leakage. Addition-

ally, organs were histologically assessed. Both plasma transfusion and rhADAMTS13 were

associated with a reduction in pulmonary endothelial permeability and organ injury when

comparedwith resuscitationwith crystalloids, but only rhADAMTS13 resulted in significant

improvement of a trauma-induced decline in ADAMTS13 levels. We conclude that rhA-

DAMTS13 and plasma transfusion can reduce organ failure following trauma. These find-

ings implicate the ADAMTS13-VWF axis in the pathogenesis of organ failure.
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Key Points

� Trauma-induced organ
failure is characterized
by an ADAMTS13/
VWF imbalance,
circulating large VWF
multimers, and low
platelet counts.

� rhADAMTS13 and
plasma restore this
imbalance, reducing
endothelial leakage,
microthrombi, and
organ failure in a
trauma-induced shock
model.
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Introduction

In severe trauma, bleeding contributes to early mortality, whereas late
morbidity andmortality is mostly due tomultiple organ dysfunction syn-
drome (MODS).1-3 Due to improved transfusion strategies, more
patients survive the initial phase of trauma, rendering them prone to
develop MODS.4-6 However, the incidence of MODS has not
decreased. As current mortality rates of trauma-induced MODS are
30%, there is a need for additional therapies.7 In the development
of MODS, endothelial activation with associated endothelial perme-
ability plays a key role.8 In response to traumatic injury, endothelial
cells release von Willebrand factor (VWF).9 VWF binds to platelets,
which is the initial step in the formation of a platelet plug at the site
of injury. VWF is synthesized in endothelial cells as ultra-large VWF
multimers, which are prothrombotic. These multimers are cleaved by
the VWF-cleaving protease ADAMTS13 (a disintegrin andmetallopro-
tease with thrombospondin type 1 motifs member 13), thereby reduc-
ing their size and rendering the adhesive multimers more quiescent.10

VWF release is critical to control bleeding, reflected by the bleeding
tendency of VWF-deficient patients. When the amount of VWF
released from the activated endothelium supersedes the cleaving
capacity of ADAMTS13, an ADAMTS13-to-VWF imbalance occurs,
with ensuing circulating ultra-large VWF multimers. In sepsis, this
imbalance goeswith a consumption coagulopathy, thrombocytopenia,
microthrombi formation, and MODS.11–13 A similar ADAMTS13-to-
VWF derangement was recently shown in trauma patients, which
was associated with circulating markers of endothelial damage.14,15

Thereby, an ADAMTS13-to-VWF imbalance may also contribute to
MODS following trauma-induced shock.

Traumatic bleeding is treated with plasma transfusion, with a sup-
posed beneficial effect of replenishing a deficit in coagulation fac-
tors.16,17 However, plasma transfusion does not correct the early
trauma-induced coagulopathy, nor does it correct coagulopathy in
other patient populations.18–20 An alternative hypothesis is that resus-
citation of shock using plasma may limit endothelial permeability. In
animal models of hemorrhagic shock, plasma transfusion reduced
syndecan-1 shedding from the glycocalyx when compared with the
use of crystalloid fluids, associated with less endothelial permeability
and less organ damage.21,22 However, the specific mechanism is
not known. Of note, plasma is lifesaving in thrombotic thrombocytope-
nic purpura (TTP) by replenishing low ADAMTS13 levels.23,24 Also,
we showed that plasma increases ADAMTS13 levels and decreases
VWF levels in critically ill patients with a consumption coagulopathy,
associated with reduced syndecan-1 levels.20 Therefore, in these
studies, we hypothesize that in patients with trauma-induced
MODS, a decreased ADAMTS13/VWF ratio with a high load of circu-
lating VWF multimers is present. We also hypothesize that plasma
transfusion and recombinant human ADAMTS13 restore a disturbed
ADAMTS13-to-VWF ratio, thereby limiting microthrombi formation,
which in turn limits microcirculatory obstruction, hypoxia, endothelial
cell activation, and permeability with ensuing organ failure.

Methods

Study population

After institutional and ethical review board approval, a clinical study
was conducted as an ancillary study of the Activation of Coagulation
and Inflammation in Trauma III (ACIT-III) trial (trial number

NL58766.018.16). The ACIT-III is a prospective cohort study on the
pathophysiology of inflammation and coagulation in adult trauma
patients at the Amsterdam University Medical Centers, location
AMC, the Netherlands, between 2012 and 2018. When patients
met the inclusion criteria (supplemental Table 1), encompassing
severely injured adult patients, citrated blood samples were collected
at presentation with deferred consent. Informed consent was obtained
from patients or relatives as soon as possible. If informed consent was
obtained within 24 hours, then consecutive blood samples at 24
hours and 72 hours post-injury were taken. Patients were included
in the present study if$2 consecutive blood samples were available.
After collection into citrated tubes, blood was centrifuged twice (2 3

1750g, 18�C, 10 minutes, Eppendorf 5804R), and plasma was
stored at 280�C for further analysis. Patient characteristics were
recorded, including injury severity score, presence of traumatic brain
injury, and presence of MODS. Traumatic brain injury was defined
as an abbreviated injury score of 3 in the head region. MODS was
assessed daily and defined as a sequential organ failure assessment
(SOFA) score $3 in $2 organ systems, yielding a minimum SOFA
score of 6. Also, ventilator days, intensive care length of stay, hospital
length of stay, and early (#1 day) and latemortality (.1-30 days) were
recorded.

Rat trauma transfusion model

Experiments were approved by the national and Institutional Animal
Care and Use Committee of the Amsterdam University Medical Cen-
ters, location AMC, in 2018. All procedures were in accordance with
European (2010/63/EU) and national laws (Wod, 2014). Animals
were group housed (2-4 rats per cage) with access to water and
food ad libitum $7 days before the experiment. Studies were con-
ducted and reported following the ARRIVE guidelines.25

Preparation of rat plasma product

Plasma products were prepared using syngeneic donor rats as
described before.26 In short, whole blood was obtained through heart
puncture and collected in citrate-phosphate-dextrose solution in a 9:1
ratio. Whole blood was centrifuged once (1892g, 10 minutes, 20�C)
to separate the cells and platelets from plasma. Plasma was collected
up to 0.5 cm above the buffy coat. One donor was used for the prep-
aration of 1 plasma product (n 5 13), frozen in 280�C and, when
used, thawed in a warm water bath of 37�C.

Experimental trauma model. A rat multiple trauma transfusion
model was used (supplemental Figure 1).26 In short, male Sprague
Dawley rats (n 5 13 per group) were sedated and mechanically ven-
tilated. Baseline blood samples (T5 0) were taken. Thereafter, trauma
was inflicted through fracture of the right femur, crush injury of the liver
and small intestine and by hemorrhage of 40% of the circulating vol-
ume. After one hour of traumatic hemorrhagic shock, rats were ran-
domized to receive resuscitation with Ringer’s lactate (Baxter)
infusion (crystalloid) or Ringer’s lactate with recombinant human
ADAMTS13 (crystalloid 1 0.4 mg/g rhADAMTS13; R&D Systems)
or single donor plasma. Dose dependency of rhADAMTS13 was eval-
uated in a human lung endothelial cell permeability model (supplemen-
tal Methods). Rats were resuscitated according to a pressure-fixed
transfusion strategy by targeting a mean arterial pressure (MAP) of
60mmHg. Transfusion/infusion speedwas set at 8 mL per hour. After
the transfusion target was achieved for 5 minutes, transfusion/infusion
was stopped. Before trauma and at termination (6 hours after trauma),
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syndecan-1, soluble vascular adhesion molecule-1 (sVCAM-1),
interleukin-6 (IL-6) VWF antigen, VWF multimers, and ADAMTS13
antigen levels were measured. Additionally, 30 minutes prior to termi-
nation of the experiment, a 70-kDa fluorescein isothiocyanate (FIT-
C)–labeled dextran was administered to assess endothelial
permeability. After termination, the circulation was flushed with 50
mL 0.9% NaCl against gravitational force. The hilum of the left lung
and left kidney were tied off prior to flushing to further assess endothe-
lial leakage by measuring lung and kidney wet/dry ratios. Hematoxylin
and eosin slides were scored by a pathologist (J.K.) who was blinded
to treatment allocation (supplemental Table 2).

Measurements

Enzyme-linked immunosorbent assays (ELISAs) for

human samples

Human VWF propeptide, VWF antigen, ADAMTS13 antigen, and
ADAMTS13 activity were performed as described earlier.27–33 For a
detailed description, see supplemental Methods. Syndecan-1 was
performed according to instructions of the manufacturer using a com-
mercially available kit (R&D Systems).

Human and rat VWF multimers

High-molecular-weight (HMW) VWF multimers were measured as
previously described34 in a subset of patients, including 12 patients
with MODS and in 8 control patients without MODS.34,35 Rat VWF
multimer analysis was performed using similar methods as human
VWF multimers. For a detailed description, see supplemental
Methods.

ELISAs for animal samples

Rat VWF antigen and rat and human ADAMTS13 antigen levels were
performed as described before.36 For a detailed description, see sup-
plemental Methods. Rat syndecan-1 (eLabscience), sVCAM-1
(eLabscience), and IL-6 (R&D Systems) levels were performed using
commercially available kits.

Biochemical assessment of organ failure in the

animal model

Aspartate and alanine transaminases, creatinine, and total urine pro-
tein were measured by standard enzymatic reactions using spectro-
photometric, colorimetric, or turbidimetric measurement methods,
measured by the clinical laboratory.

Rotational thromboelastometry

Rotational thromboelastometry was used to determine coagulation
abnormalities within the animal model. EXTEM was used to evaluate
the extrinsic coagulation pathway (eg, adding tissue factor and phos-
pholipids to initiate coagulation). Clotting time (CT) determines time to
2-mm clot formation, clot formation time evaluates the time from CT to
20 mm of clot formation, maximum clot firmness (MCF) represents the
strength of the clot, and the 30-minute lysis index (LI30) determines
the percentage of amplitude decrease 30 minutes after maximum
clot firmness, indicating clot lysis. FIBTEM was used to evaluate the
contribution of fibrinogen to clot formation (eg, EXTEM reagents 1

cytocholasin D (5 platelet inhibitor)).

Immunohistochemical analysis of VWF-platelet

microthrombi and endothelial leakage

For determination of VWF-platelet microthrombi in the lung, deparaffi-
nized tissue slides were double stained with rabbit anti-VWF/anti-rab-
bit alkaline phosphatase and vector blue staining method. Slides were
again heated in citrate buffer and blocked to facilitate the second
staining using rabbit anti-CD41/anti-rabbit horseradish peroxidase
NovaRed staining method. Double staining resulted in purple micro-
thrombi within the lung. Other deparaffinized tissue slides were col-
ored using a rabbit anti-FITC/anti-rabbit horseradish peroxidase and
NovaRed coloring method. Five different images of each organ,
blinded for the treatment allocation to the assessor, were obtained
by microscope (2003 zoom) and camera (BX51 with UC90, Olym-
pus). Pictures were inverted using ImageJ. Five random inverted pic-
tures were used to set a threshold of positivity for either VWF-
platelet complexes and FITC 70-kDa dextran leakage, respectively.
Median percentage of area intensity was used as a measure for endo-
thelial leakage.

Sample size calculation animal model

In a previous trauma-induced hemorrhagic shock experiment, a tyro-
sine kinase inhibitor compared with vehicle next to a balanced trans-
fusion strategy reduced mean lung injury scores (6.2 vs 4.0, with a
standard deviation [SD] of 1.8). Therefore, using these data to extrap-
olate a sample size with 3 groups using a 1-way analysis of variance
(V 5 1.076), the use of 11 rats has a power of 80% to reach a sta-
tistically significant difference in lung injury scores. With an expected
mortality of 15% in our model, we added 2 additional rats per group,
yielding n 5 13 per group.

Statistical analysis

Analyses were done using SPSS Statistics version 26 (IBM). Graphs
were made using GraphPad Prism 8 (GraphPad Software). Normality
was tested using Kolmogorov-Smirnov test and visual inspection of
histograms, and values are represented as either mean (6 SD) or
as median (Q1-Q3 5 interquartile range [IQR]) in tables. In figures,
boxplots are shown with full range. Outliers were defined as .2
SDs from mean and were not incorporated in the statistical analysis.
Differences in clinical data were tested with Student t test, Mann-
Whitney U test, or x2 test/Fisher’s exact test, depending on distribu-
tion and type of data. For clinical data, paired nonparametric data were
tested with a Friedman analysis of variance for variance with post-hoc
comparisons. Simple linear regression was used for the correlation
between Injury Severity Score (ISS) and the ADAMTS13-VWF axis.

For the experimental data, Kruskal-Wallis with post-hoc multiple com-
parisons were performed. For paired animal data, similar methods as
for the clinical data were used. ELISA values below the reference
value were set at half of the lowest detection range.37 A P value of
, .05 was considered to be statistically significant. A Bonferroni cor-
rection was used to correct for multiple testing.

Results

Of the 169 included trauma patients, 105 (62.1%) had polytrauma
and 39 (23.1%) developed MODS (Table 1). On presentation,
patients who developed MODS had higher base deficits, prolonged
prothrombin times, and decreased fibrinogen levels compared with
patients without MODS. Overall mortality rate was 11.8%.
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The ADAMTS13/VWF ratio is disturbed after

traumatic injury, related to injury severity, and

associated with changes indicative of microthrombi

formation and the development of MODS

Increasing injury severity scores were associatedwith increased base-
line VWF propeptide and VWF antigen levels, while ADAMTS13 anti-
gen levels decreased (Figure 1A-D). The median time to develop
MODS was 2 [IQR 2-3] days post-injury. VWF propeptide levels
were increased at presentation to the Emergency Department in
both patients with and without MODS. These VWF propeptide levels
dropped 24 hours after injury in both groups (P, .01), but remained
higher in patients with MODS compared with patients without MODS

(Figure 2A). Also, higher VWF antigen levels and lower ADAMTS13
antigen levels up to 24 hours after injury were shown in patients devel-
oping MODS (Figure 2B,D). ADAMTS13 activity levels were not dif-
ferent between patient groups during the first 72 hours. In a subset
of patients who developed MODS, the percentage of high-molecu-
lar-weight (HMW) VWF multimers was higher on baseline compared
with patients without MODS (51 [40-53] %, vs 42 [39-43] % multi-
mers, P 5 .006; Figure 2F,I). Two patients had very low (9.1%) or
absent HMWVWFmultimers on baseline. One patient was hyperfibri-
nolytic determined by ROTEM, while the other only had increased
ADAMTS13 activity (641%). The difference in HMW VWF multimers
disappeared 72 hours after trauma (49 [38-50]% vs 44 [42-47]%,
P5 .063). Median platelet counts at 72 hours post-injury were lower

Y = 7.942*X + 284.5

p < 0.0001
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in patients with MODS compared with patients without MODS, which
is long after the bleeding had stopped. Also, other markers of con-
sumption coagulopathy were more deranged in patients with

MODS vs without MODS, such as increased D-dimer and prolonged
PT. In addition, higher median plasma syndecan-1 were present in
patients with MODS compared with patients without MODS (353.0
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[125.0-1981.5] vs 125.0 [125.0-214.5] pg/mL, P5 .001), depicting
more endothelial wall shedding.

Experimental model of trauma-induced shock and

transfusion

To explore whether plasma or rhADAMTS13 protect the endothelium,
a rat trauma-induced shock and transfusion model was used
(supplemental Figure 1). Baseline parameters are shown in
Table 2. Animals were in shock, as depicted by an increase in lactate
levels (Figure 3A). Traumatic shock was characterized by a significant

decrease in ADAMTS13 antigen levels in the crystalloid-resuscitated
animals, whereas VWF levels were not as markedly increased as in
trauma patients (Figure 4A). All animals had lost equal amounts of
blood. Mortality in this model was 10.3% (4/39), occurring in the crys-
talloid group (n 5 2) or crystalloid 1 rhADAMTS13 group (n 5 2).
However, in the crystalloid with rhADAMTS13 group, mortality
occurred due to technical difficulties (overdose of ketamine in 1 rat
and perforation of the jugular vein in the other rat), whereas in the
crystalloid-resuscitated rats, mortality occurred due to an inability to
maintain MAP after treatment.
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Plasma transfusion reduces vascular leakage and

limits lung injury but does not significantly replenish

ADAMTS13 levels

Rats resuscitated with plasma needed significantly less volume to reach
a MAP of 60 mm Hg (4.5 [3.0-6.0] mL/kg]) compared with rats resus-
citatedwith crystalloids (11.9 [10.1-14.4]mL/kg,P, .001) (Figure 3C).
Plasma did not significantly prevent a drop in ADAMTS13 antigen levels
(Figure 4B). Also, circulating HMW VWF multimers were lower com-
pared with baseline and not significantly different from the crystalloid-
resuscitated animals. Coagulation was less deranged in plasma-
resuscitated animals than in both the crystalloid and crystalloid 1 rhA-
DAMTS13 groups, especially for FIBTEM, which is a marker for the
fibrinogen contribution to clot formation (Table 2). Syndecan-1 levels
were lower in plasma-resuscitated animals compared with rats receiving
crystalloids. Plasma transfusion resulted in less VWF-platelet micro-
thrombi formation, less edema, less vascular leakage and less injury in
the lung compared with crystalloids (Figure 5). Other organs scores
were not different between groups (Figure 5; supplemental Figure 2).

Crystalloid resuscitation supplemented with

rhADAMTS13 replenishes ADAMTS13 levels, reduces

microthrombi formation, reduces vascular leakage,

and limits organ injury

To explore whether the observed beneficial effect of plasma was
mediated by ADAMTS13, resuscitation was performed by supple-
menting crystalloids with a single injection of rhADAMTS13. Rats
treated with rhADAMTS13 needed less volume (5.6 [3.5-9.6] mL/
kg, P, .05) to obtain a MAP of 60 mmHg compared with rats resus-
citated with only crystalloids (Figure 3). In crystalloid-resuscitated rats,
there was a decrease in ADAMTS13 levels, which was prevented in
rats treated with rhADAMTS13 (Figure 4). Following resuscitation,
treatment with rhADAMTS13 resulted in higher circulating levels of
HMW VWF multimers compared with crystalloid only. Moreover, rhA-
DAMTS13 treatment reduced sVCAM-1 levels compared with
plasma- and crystalloid-resuscitated rats. Also, IL-6 was lower in the
rhADAMTS13 group than the crystalloid group (Figure 4). Moreover,
there were less deranged ROTEM values in crystalloids with
rhADAMTS13-resuscitated rats compared with crystalloid-
resuscitated rats (Table 2). Edema in the lung and kidney was reduced
following rhADAMTS13 treatment compared with crystalloids, as
shown by lower wet/dry ratios. Also, rhADAMTS13 treatment resulted
in fewer VWF-platelet microthrombi in the lung compared with
crystalloid-treated rats. However, vascular leakage in the kidney was
increased in rhADAMTS13-treated rats compared with crystalloid-
treated rats. Treatment with rhADAMTS13 resulted in lower aspartate
aminotransferase, alanine aminotransferase, and creatinine levels
compared with both crystalloid- and plasma-treated rats (Table 2);
however, these lower levels were not accompanied by lower organ
scores (Figure 5; supplemental Figure 2). Dose dependency of rhA-
DAMTS13 was evaluated in a Transwell system with thrombin-
stimulated microvascular lung endothelial cells. Endothelial leakage
was reduced in a dose-dependent manner and was associated with
less syndecan-1 release (supplemental Figure 3).

Discussion

The findings of this study are that (1) the severity of trauma injury is
associated with increased VWF propeptide levels and VWF antigen

levels and decreased ADAMTS13 antigen levels; (2) patients who
developed MODS have lower ADAMTS13-to-VWF antigen ratios
than patients without MODS, associated with lower platelet counts,
prolonged prothrombin times, higher D-dimers, and higher percen-
tages of HMW VWF multimers; and (3) plasma transfusion and rhA-
DAMTS13 were associated with less VWF-platelet microthrombi
formation in the lung, less vascular leakage, and less organ failure in
a rat trauma transfusion model.

Our study is in line with previous studies showing a deranged
ADAMTS13-to-VWF ratio in adult and pediatric trauma patients, which
was associated with endothelial damage and mortality.14,15 This study
extends these findings by showing that in patients developing MODS,
increased release of VWF propeptide takes place, an increased
amount of VWF multimers are circulating, associated with a decrease
in platelet count, which persists long after bleeding had stopped. Col-
lectively, these data underline our hypothesis that severe trauma leads
to a rapid release of VWF propeptide and VWF antigen, while
ADAMTS13 antigen levels are diminished possibly to a level that is
insufficient to deal with large amounts of VWF release, resulting in con-
sumption of platelets that are getting trapped in HMWVWFmultimers,
leading to microthrombi formation, endothelial activation, obstruction of
the microcirculation, and eventually organ failure (supplemental Figure
5). Acknowledging that multiple pathways are involved in the progres-
sion of MODS,38,39 the role of an imbalanced ADAMTS13-to-VWF
ratio in the development of trauma-induced MODS has only recently
been suggested. This pathway shows resemblances with MODS
due to septic shock, in which an association between an imbalanced
ADAMTS13-to-VWF, consumption coagulopathy and MODS has
repeatedly been demonstrated.12,13 However, traumatic shock and
septic shock have profoundly different causes of VWF release. In
trauma, large amounts of VWF are released due to endothelial activa-
tion in response to an injured vessel wall, which supposedly is a
short-lived stimulus, whereas in sepsis, VWF is released as part of an
ongoing inflammatory host response.12,15,30,40 ADAMTS13 activity lev-
els did not differ in patients with and without MODS. Multiple enzymes
affect the activity of ADAMTS13, such as thrombin and plasmin.41

These levels are increased in patients with severe injury and trauma-
induced coagulopathy.42 Plasmin and thrombin may in turn also result
in degradation of ADAMTS13, resulting in lower antigen levels.41 Alter-
natively, ADAMTS13 levels may drop due to dilution during the resus-
citation of bleeding trauma patients with fluids lacking ADAMTS13. The
ADAMTS13 antigen-to-VWF ratio we found in trauma, however, wor-
sens after the bleeding has stopped. Additionally, platelet counts con-
tinue to decrease up to 72 hours post-trauma. Thereby, we postulate
that after bleeding has stopped following trauma, an unbalanced pro-
coagulant response fueled by an activated endothelium persists. In
mice models of renal ischemia-reperfusion and TTP, a low
ADAMTS13-to-VWF ratio was associated with more severe endothe-
lial leakage and organ failure.43–45 Thereby, activation of endothelial
cells with release of large quantities of VWF and construction of
more circulating HMW VWF multimers that supersede ADAMTS13-
cleaving capacities may be an important pathway in the progression
of MODS in multiple inflammatory shock states.

We found that in rats, plasma transfusion reducedmarkers of endothelial
activation, endothelial leakage, and organ injury compared with crystal-
loid infusion, associated with a nonsignificant increase in ADAMTS13
levels. Thereby, we propose that the replenishing or at least stabilization
of ADAMTS13 levels may be a mechanism by which some of the trans-
fusion trials show beneficial effects of plasma on outcome of trauma.5,46
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A comparison with TTP comes to mind, whereby plasma exchange or
plasma transfusion to replenish ADAMTS13 levels is lifesaving.47,48 In
rats with septic shock, plasma resuscitation improved survival compared
with crystalloids.49 Thereby, plasma transfusionmay be beneficial in mul-
tiple patient groups with severe shock-induced consumption coagulop-
athy and ADAMTS13-to-VWF imbalance. Alternatively, the benefit of
plasma transfusion observed here may be due to other (coagulation)
proteins present in plasma.

We found a protective effect of recombinant ADAMTS13 on endothe-
lial barrier function, as shown before in a traumatic brain injury model.50

Previously, we have studied rhADAMTS13 in a similar model compar-
ing 1:1:1 red blood cell/plasma/platelet transfusion ratio with rhA-
DAMTS13 to vehicle.51 We found that rats with rhADAMTS13
compared with vehicle showed reduced organ inflammation but similar
levels of endothelial damage. In the currentmodel, we add to these find-
ings, in which the replenishment of low ADAMTS13 levels in the trau-
matized animals was more effectively done using rhADAMTS13 than
plasma. In line, rhADAMTS13 had a more outspoken effect on some
markers of inflammation than plasma, including lower liver transami-
nases and plasma creatinine levels as well as lower circulating
sVCAM-1 and IL-6 levels 6 hours after traumatic injury. However, rhA-
DAMTS13 treatment resulted in more vascular leakage in the kidney
compared with crystalloid-treated rats. An explanation could be that
urine output was higher and plasma creatinine levels were lower in
the rhADAMTS13-resuscitated rats compared with crystalloid-treated
rats, suggesting higher glomerular filtration rates, resulting in relatively
higher amounts of FITC-dextran circulating in the kidney at termination.

Not all beneficial effects were most clear with rhADAMTS13. Plasma
transfusion, but not rhADAMTS13 infusion, was associated with
reduced pulmonary vascular leakage and organ injury as assessed
by histopathology, suggesting that plasma exerts protection also via
pathways not involving ADAMTS13. However, both rhADAMTS13
and plasma transfusion reduced VWF-platelet microthrombi in the
lung compared with crystalloid. This decrease in microthrombi coin-
cided with higher circulating levels of HMW VWF multimers in the
rhADAMTS13 group. An explanation for this result may be consump-
tion of VWF multimers in microthrombi. Alternatively, the decrease in
VWF multimers may be a sign of dilutional coagulopathy.

Importantly, although we have provided a rationale as well as circum-
stantial evidence that plasma is effective by restoring an ADAMTS13-
to-VWF antigen imbalance, causality was not determined in our stud-
ies. Plasma contains many other proteins that may have an effect on
the endothelium.52 Unfortunately, providing direct proof of causality
(eg, by using ADAMTS13-knockout animals) was beyond the scope
of this study. If this pathway is indeed present in trauma-induced
MODS, rhADAMTS13 may be an alternative to plasma transfusion.
However, additional (validation) experimental studies are warranted
relating to optimal dose and timing aswell as testing in an uncontrolled
hemorrhage model, because we have administered rhADAMTS13
after 1 hour of shock, when animals were not actively bleeding.

There are limitations to this study. In the clinical study, correction for con-
founding factors (eg, injury severity score, shock, and trauma-induced

coagulopathy) for the development of MODS was not done, which
may have influenced our results. In the rat model, we chose a
pressure-fixed resuscitation target as this resembles clinical practice.
However, this approach may have led to differences in circulating pro-
teins due to different volumes of resuscitation fluids used. On the other
hand, volume-fixed transfusion will have resulted in both over- and under
transfusion and is not used in clinical practice. Also, as this cohort mainly
consisted of blunt trauma patients, results may not apply to trauma
patients with penetrating injury. Typically, these patients have a lower
incidence of MODS. Furthermore, rats have a different coagulation sys-
tem (eg, 2-3 times higher platelet counts) than humans. Also, rats did
not show the same increase in VWF expression following trauma as
found in patients, which may have been due to differences in (timing
of) expression, which was not captured with a single measurement in
time. Thereby, the rat model was is characterized by endothelial activa-
tion, fibrinogen consumption, and organ failure, but differences in coag-
ulation response challenges the translation of the results to humans.

In conclusion, trauma is characterized by a decreased ADAMTS13-
to-VWF ratio, associated with injury severity and organ failure. Possi-
bly, a deranged ADAMTS13/VWF ratio is a common pathway of the
occurrence of organ injury following shock states. Plasma transfusion
and rhADAMTS13 restore this balance in an experimental animal
model associated with a reduction in organ failure, at least in part
via restoring the ADAMTS13/VWF ratio. Thereby, trauma-induced
MODS may be a novel indication for plasma therapy or specific
replenishment of ADAMTS13.
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