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Reduced cleavage of von willebrand factor by ADAMTS13 is
associated with microangiopathic acute kidney injury

following trauma
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Acute kidney injury (AKI) is common after trauma, but
contributory factors are incompletely understood. Increases
in plasma von Willebrand Factor (vWF) with concurrent
decreases in ADAMTS13 are associated with renal
microvascular thrombosis in other disease states, but
similar findings have not been shown in trauma. We
hypothesized that molecular changes in circulating vWF and
ADAMTS13 promote AKI following traumatic injury. VWF
antigen, vWF multimer composition and ADAMTS13 levels
were compared in plasma samples from 16 trauma patients
with and without trauma-induced AKI, obtained from the
Prehospital Air Medical Plasma (PAMPer) biorepository.
Renal histopathology and function, vWF and ADAMTS13
levels were assessed in parallel in a murine model of
polytrauma and haemorrhage. VWF antigen was higher in
trauma patients when compared with healthy controls
[314% (253-349) vs. 100% (87 -117)] [median (IQR)], while
ADAMTS13 activity was lower [36.0% (30.1-44.7) vs.
100.0% (83.1-121.0)]. Patients who developed AKI showed
significantly higher levels of high molecular weight
multimeric vWF at 72-h when compared with non-AKI
counterparts [32.9% (30.4-35.3) vs. 27.8% (24.6-30.8)1.
Murine plasma cystatin C and vWF were elevated
postpolytrauma model in mice, with associated decreases
in ADAMTS13, and immunohistologic analysis
demonstrated renal injury with small vessel plugs positive

Introduction

Following traumatic injury, sympathoadrenal activation
and loss of the vascular endothelial glycocalyx often lead
to systemic endotheliopathy [1,2]. Damaged or activated
vascular endothelium releases ultra-large von Willebrand
factor (UL-vWF) from Weibel-Palade bodies [3-6]. In
the acute phase of traumatic injury, the UL-vWF forms,
which are known to have increased thrombotic and
inflammatory potential, contribute to haemostasis [7,8].
However, it is unclear if persistence of these circulating
high molecular weight multimeric-vWF (HMWM-vWF)
forms result in organ injury or thrombotic complications.
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for fibrinogen and vWF. Following traumatic injury, the vWF-
ADAMTS13 axis shifted towards a prothrombotic state in
both trauma patients and a murine model. We further
demonstrated that vWF-containing, microangiopathic
deposits were concurrently produced as the prothrombotic
changes were sustained during the days following trauma,
potentially contributing to AKI development. Blood Coagul
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With increased vWF activity in traumatic injury, down-
stream pro-coagulant, thrombotic and inflammatory
effects contribute to diseases such as trauma-induced
coagulopathy, disseminated intravascular coagulation
and systemic inflammatory response syndrome, as pos-
ited by studies evaluating critical illness states such as
sepsis and burns [9]. Furthermore, specific effects of
unregulated vWF activity are emphasized by the patho-
physiology of thrombotic thrombocytopenic purpura
(T'TP), wherein vWF-dependent protease, ADAM'TS13
(A Disintegrin and Metalloprotease with Thrombospon-
din Type 1 Motif 13), activity is drastically inhibited,
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leading to acute kidney injury (AKI) due to microvascu-
lar depositions of pro-inflammatory and pro-thrombotic
UL-vWF [10-14]. Interestingly, AKI is also common
following traumatic injury, as it is reported to develop in
up to 50% of traumatic injury patients [15-19]. However,
although renal injury secondary to T'TP is thought to be
due to UL-vWF induced vascular damage, it is com-
monly accepted that the primary cause of trauma
induced AKI is renal hypoperfusion due to shock [11-
14]. We hypothesize that there is overlap between these
two causes of AKI, and that the systemic endothelio-
pathy of trauma leads to microvascular depositions of
UL-vWF.

Although recent work has evaluated the quantitative
changes related to vVWF and ADAMTS13 in critical
illness states, the effects of persistent elevations of
vWF activity in the circulation on organ injury remain
incompletely explored. A recent study highlights the
protective nature of recombinant human ADAMTS13
(thADAM'T'S13) when given in a murine renal ischemia
reperfusion model [20]. However, it is unclear whether
there is a direct effect of vVWF cleavage by ADAMTS13
that contributes to renal injury prevention, or whether
there is simply a primary anti-inflammatory effect due
to ADAM'TS13. In essence, the effects of vWF that
may lead to the renal injury following trauma are
unexplored. Here, we seek to provide a preliminary
assessment regarding changes in vWF form, antigen
levels and collagen binding activity (CBA), along with
renal histology, following traumatic injury in both
humans and a murine model. These studies demon-
strate downstream effects of vWF on the renal

Table 1 Clinical demographics and values
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microvasculature and its potential contribution to renal
injury.

Materials and methods

Trauma patient plasma and healthy control samples
Plasma samples were obtained from the PAMPer trial
(Prehospital Air Medical Plasma trial) biorepository. The
PAMPer trial is an IRB approved (PRO11120115) ran-
domized control trial (NCT01818427) to study the effect
of prehospital plasma resuscitation as compared with
standard of care resuscitation in traumatic injury patients
[21]. Briefly, patients enrolled in the PAMPer trial had at
least one episode of hypotension (SBP <90 mmHg) as
well as tachycardia (heart rate >108 beats per minute) or a
single episode of severe hypotension (SBP <70 mmHg)
prior to their arrival to a trauma centre. Plasma samples
from the PAMPer trial were obtained from eight trau-
matic injury patients who developed AKI at time points,
including 0 (upon admission), 24 and 72h following
severe traumatic injury. AKI was defined by at least
0.3 mg/dl increase in creatinine within 48 h of admission.
The plasma samples from patients who developed AKI
were well matched with trauma patients who did not
develop AKI based upon age, injury severity score and
lactate concentrations (Table 1).

The PAMPer trial was composed of a population of 523
patients. From this population, a total of 86 patients
developed AKI as defined by the inclusion criteria in
our analysis. A query of patients in this repository was
performed with criteria, including development of AKI,
availability of samples for at least two of the three time-
points of interest (0, 24 and 72h), and ability to be

Value Non-AKl (n=8) AKl (n=8) Significance (P)
% Female:Male 12.5:87.5 25:75 -
Age 56 (49-63) 57 (50-64.5) 0.702
Injury Severity Score 19.5 (16.75-23.75) 23 (15.5-26.5) 0.899
GCS 8.5 (3-15) 10 (3-14.3) 0.915
% Blunt:Penetrating Injury:Both 87.5:125:0 50:37.5:125 -
Lowest SBP 76.5 (60.5-93.3) 81 (78.5-91.5) 0.513
Admission INR 1.3 (1.23-1.31) 1.21 (1.05-1.34) 0.899
Admission Creatinine 1.26 (1.08-1.52) 0.9 (0.89-1.05 0.010
A Creatinine (0—24h) -0.25 (-0.35-[-0.13]) 0.5 (0.34-0.71) 0.0002
Admission Platelets 197 (177-265) 132 (104-182) 0.134
Admission Lactate 4.84 (2.9-5.9) 4.94 (3.0-6.2) 0.872
Units Prehospital Plasma Transfused 0 (0-1) 0 (0-0) 0.446
Units Blood Products Transfused in 24 h 7.5 (3-21) 12 (4.5-23.5) 0.702
Crystalloid in 24 h 9 (6.5-11) 8 (5.8-10.5) 0.740
Max BUN 16 (14.8-22) 25 (22-33.25) 0.170
% Receiving Prehospital Plasma 12.5 37.5 -
% On Aspirin / Antiplatelets 25 12.5 -
% On Anticoagulants 0 0 -
% On NSAIDs 25 37.5 -
% Smoker 12.5 12.5 -
% Hypertension Requiring Medication 62.5 25 -
% Diabetic 25 12,5 -
% PMH of Coagulopathy 0 0 -

Pertinent data are provided for the trauma patients who either did or did not develop secondary AKI with significance calculated where appropriate. Plasma samples were
obtained from these groups and analysed in the following figures. Values reported as Median (IQR), unless otherwise stated.
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matched for clinically important variables as noted above.
"This query of the biorepository of samples yielded #» =38
per group for a total of 16 patients. Of these patients,
three (two in the AKI group and one in the non-AKI
group) did not have plasma samples collected during the
72-h time point, and so data for these patients at the 72-h
time point could not be included. Blood was drawn into
citrate containing vacuum containers and platelet poor
plasma was prepared from these samples. In addition to
plasma from traumatic injury patients, plasma from seven
healthy human controls were also drawn into citrate
containing vacuum containers. Citrated pooled normal
plasma (PNP) was purchased from George-King Biomed-
ical to be used as a control. All plasma samples were
stored at -80°C until use and thawed for 5min in a 37°C
water bath.

von Willebrand factor quantitative multimer analysis in
human and murine plasma

T'rauma patient or PNP samples were diluted in lithium
dodecyl sulphate sample buffer (10 mmol/l Tris-HCI, 2%
SDS, 2mmol/l EDTA, 0.02% bromophenol blue and
43.5% glycerol, pH 6.8) to contain 0.6 pg/ml vWF. Sam-
ples were electrophoresed on a 1.5mm, 1.75% vertical
agarose gel at a constant current of 12.5 mA at 4°C. The
gels were fixed, washed, blocked and stained with a
1:2000 dilution of primary polyclonal rabbit antihuman
vWEF (Dako, USA #A0082) or a 1:100 dilution of poly-
clonal rabbit antimouse vWEF (ThermoFisher, USA
#PA5-16634), followed by a 1:2000 dilution of secondary
goat antirabbit IgG, Alexa Fluor 488 (ThermoFisher,
USA #A-11008). A Bio-Rad Chemidoc MP Imager was
used for fluorescent imaging, and Image Lab 6 was used
to quantify lane and band fluorescence. To acquire
percentage total lane fluorescence provided by
HMWM-vWF forms, the total band volume of vWF
more than 10 dimeric units (>5000 kDa) in length was
divided by total lane fluorescence.

Human and murine ADAMTS13 activity, von Willebrand
factor antigen, collagen binding activity and cystatin C

ELISAs

‘“TECHNOZYM’ ELISAs were purchased (Diapharma,
USA #5450701, #5450201, #5450301 and MyBioSource,
USA #MBS901541, #MBS2022796) to determine the
circulating ADAMTSI13 activity and antigen levels,
vWEF antigen and vWF CBA in plasma. Murine cystatin
C ELISAs were purchased from Abcam (USA
#ab201280). Murine and human plasma was generated
by twice centrifuged citrated blood at 2000xg for 15 min.

Murine polytrauma and haemorrhagic shock model

Adult male C57B1/6 mice were anesthetized with intra-
peritoneal pentobarbital sodium and inhaled isoflurane
prior to our validated model of trauma and haemorrhage
[22,23]. Approximately 30% (500 pl) of the total blood
volume was rapidly removed into citrate within 1 min

using a 1 ml syringe and a 30-gauge needle via closed
cavity cardiac puncture. Previously prepared bone solu-
tion was injected bilaterally into the posterior muscles of
each thigh ata volume of 0.15 ml using a 20-gauge needle.
Soft tissue injury was performed using an 18-cm curved
haemostat crushed with 270 psi on the bilateral lower
extremities. A midline incision was made under the
xyphoid, exposing the right middle lobe of the liver,
which is crushed four times, at 80 psi, using a 12.5-cm
curved haemostat. Laparotomy is closed, and animals are
recovered for 120 min. Animals were sacrificed after

either 24 or 72 h.

Murine kidney sectioning

Mouse kidneys were harvested during sacrifice at the 24-
h timepoint of the polytrauma model. Kidneys were
bisected and placed in 1x PBS pH 7.4 with 4% parafor-
maldehyde (PFA) fixative for 4h at room temperature
(RT). Kidneys were then washed, immersed and stored
in sterile 1x PBS at4°C. A Leica VI'1000 S vibratome was
used to cut 20 and 40-pm sections.

Murine kidney haematoxylin and eosin staining

Renal vibratome sections (20 wm) were plated and
slides were immersed in gill II haematoxylin for 50s,
washed with water, immersed in bluing agent for 30s,
washed with water and then immersed in 95% ethanol,
briefly. They were immersed in Eosin Y for 3—4 min
followed by rinsing with water. Dehydration was per-
formed using an ethanol wash. Slides were mounted
using gelvatol and then visualized on a bright field
microscope.

Murine kidney fluorescent staining

Renal vibratome sections (40 wm) were free float stained.
Sections were permeabilized in 0.3% (v/v) Triton X-100
in 1x PBS at R'T" [24]. Sections were then blocked in 1x
PBS with 0.2% (w/v) BSA and 0.3% (v/v) Triton X-100 at
RT. Sections were stained with either 1:25 polyclonal
rabbit antimouse vVWF (ThermoFisher #PA5-16634) or
1:300 Sheep anti-Mouse Fibrinogen (Abcam #ab61352)
in 1x PBS with BSA and Triton X-100 for 20-h at 37°C.
Sections were washed and then immersed in 24 pg/ml
Donkey anti-Sheep AlexaFluor 405 (Abcam #175676), in
order to stain for fibrinogen, or Goat anti Rabbit Alexa-
Fluor 647 (ThermoFisher #A32733), in order to stain for
vWE, for 4h in a 37°C oven. Sections were washed and
then immersed in 200 pwg/ml wheat germ agglutinin,
Alexa Fluor 488 conjugate (ThermoFisher, USA
#W11261) for 30 min at 37°C, to stain for nonspecific
renal structure. Sections were washed, dehydrated,
mounted in gelvatol and imaged on a Fluoview
FV1000 Confocal Microscope. In the generation of sec-
ondary controls, the same protocol was utilized, but
antibodies were excluded during the primary antibody
incubation step.



Total liver RNA isolation and qRT-PCR analysis

Mouse liver (60mg) was obtained at 0 (immediately
before), 24 or 72 h during a polytrauma model. Samples
taken from the 24 or 72-h time points were obtained from
the lobe of the liver that was not injured at 0 h. The livers
were immediately immersed and blended in 1 ml of TRI
Reagent (Sigma #19424) on ice. Total liver RNA isola-
tion proceeded according to the manufacturer’s protocol.
A SuperScript III First-Strand Synthesis SuperMix for
gqRT-PCR (ThermoFisher #11752050) was utilized to
produce cDNA. qRT-PCR was performed using a Light-
cycler 96 System with PowerUp SYBR Green Master Mix
according to the provided protocol. A 12-specific sense
primer (5 = TCCTTCTACCACTGGGATGC - 3’) and
a 13-specific antisense primer (5> — TCCTTCTAC-
CACTGGGATGC - 3’) were utilized at 500 nmol/l
concentrations to amplify the murine ADAMTS13
sequence [25]. A murine GAPDH primer pair was pur-
chased as a housekeeping gene (Origene #MP205604)
and data were normalized with respect to GAPDH
expression.

LX-2 culture and hypoxia model

LX-2 immortalized human hepatic stellate cell line was
procured from (Millipore Sigma, USA SCC064). Cells
were grown to 60% confluency at 37°C in high glucose
Dulbecco’s Modified Eagle Medium with supplemented
penicillin-streptomycin and L-glutamine. Cells were
transferred to a hypoxia chamber where they were either
incubated for 1.5 or 3h at 37°C and 1% oxygen. Cells
were then either harvested or allowed to incubate in a
normoxic incubator for 1 or 3h. Following this final
incubation period, cells were harvested and prepared
for qRT-PCR analysis as above.

Statistical analysis

Prism 8 for Mac (Graphpad Prism) was utilized for statistical
analyses. One-to-one comparative studies were performed
with the built-in Mann—Whitney U function or Wilcoxon
Signed Rank. Correlative analyses were executed using the
built-in linear regression tool and Spearman Correlation
analysis. Given the exploratory nature of this analysis, a
multiple comparisons correction was not utilized [26]. Data
are presented as median £ interquartile range. A threshold
for significance was defined as P value less than 0.05.

Results

HMWM-vWF increases in trauma patients who develop
acute kidney injury and is associated with ADAMTS13

activity

HMWM-vWF was elevated at all time points for all
traumatic injury patients when compared with control
healthy plasma samples (Fig. 1a and b). At the 72-h time
point, patients who developed AKI demonstrated signifi-
cantly elevated HMWM-vWF forms, when compared
with non-AKI counterparts [32.9% (30.4-35.3) wvs.
27.8% (24.6-30.8) P=0.02] (Fig. 1b). A significant
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inverse relationship was generated when plotting
HMWM-vWF composition against ADAMT'S13 activity
from all traumatic injury samples (r=—0.35, P=0.018)
(Fig. 1c). Representative plots for separate time points,
including 0, 24 and 72 h, may be found in supplemental
Figure 1A, http://links.lww.com/BCF/A113.

vWE antigen levels from patients with traumatic injury,
regardless of renal function, showed sustained elevation
at the 0 to 72-h time points when compared with healthy
controls [Combined 0-72 h data: 12.4 pg/ml (10.6-13.6)
vs. 4.5 pg/ml (3.3-5.1) P < 0.0001] (Fig. 2a). Patients who
developed AKI had a statistically significant increase in
vWF levels between the 0 and 72-h time points [9.42 pg/
ml (6.1-12.4) vs. 14.23 pg/ml (12.6-15.4) P=0.016]
(Fig. 2a). ADAM'TS13 activity levels in both AKI and
non-AKI traumatic injury patients were consistently
lower at all time points when compared with healthy
controls [Combined 0-72h data: 0.47 IU/ml (0.44-0.58)
vs. 1.291U/ml (1.13-1.60) P < 0.0001] (Fig. 2b). Evalua-
tion of VWF Antigen:ADAMTS13 activity ratio between
control trauma patients and those who developed AKI
demonstrated no significant difference at the 0 and 24-h
time points [0h: 28.1 (20.2-36.9) vs. 22.3 (16.5-34.3),
24 h: 24.0 (18.5-32.4) vs. 25.8 (17.8-34.7)]. However, at
the 72-h time point, a significant difference was seen in
the vVWF Antigen:ADAMT'S13 activity ratio between
control trauma patients and trauma patients who devel-
oped AKI [29.3 (18.6-33.9) vs. 37.8 (34.6—41.8) P =0.02]
(Fig. 2c¢).

VWF collagen binding activity

vWF antigen levels strongly correlated with type 111 CBA
of samples from 0 to 72 h (»=0.83, P < 0.0001) (Fig. 2d),
indicating that the circulating vWF antigen demonstrated
prothrombotic activity in proportion with its concentra-
tion. The ADAMTSI13 activity level was inversely
related to CBA:vWF antigen ratio for samples at 24
and 72h (r=-0.46, P=0.01) (Fig. 2e). The red dotted
line in Fig. 2e represents the median CBA:vWF antigen
ratio of healthy control samples, which was markedly
lower when compared to all trauma samples [0.166 [U/
ml:pg/ml (0.149-0.202)] vs. 0.212 1U/ml:pg/ml (0.188-
0.247) P<0.01]. Representative plots for separate time
points, including 0, 24 and 72 h, for Fig. 2d and e may be
found in supplemental Figure 1B and 1C, http://
links.lww.com/BCF/A113, respectively.

Murine trauma and haemorrhagic shock is associated
with vVWF form and renal function

Analysis of plasma samples from each mouse at 0, 6 and
24h showed a significant increase in cystatin C levels
[496 ng/ml. (439-575) vs. 640ng/ml (552-709) vs.
550 ng/ml (493-701), P < 0.001 and P = 0.02, respectively]
(Fig. 3a), suggesting inhibited renal function [27,28].
Figure 3b demonstrates that mice had elevated cystatin
C at both 6 and 24h when compared with baseline.
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High molecular weight multimeric VWF is elevated in patients who develop post-traumatic acute kidney injury. (a) VWF multimeric form was evaluated
by means of 1.750% vertical agarose gel electrophoresis. Each lane evaluates a single traumatic injury patient who did or did not develop AKI; the red
dotted lines denote various molecular weight (MW) cutoffs. (b) Patients who developed AKI demonstrated significantly elevated HMWM vWF forms,
when compared to non-AKI counterparts, 72 h after injury [32.9% (30.4-35.3) vs. 27.8% (24.6—30.8) P.0.02]. (c) A significant inverse relationship
is generated when plotting HMWM-vWF composition against ADAMTS13 activity of all trauma samples (Spearman r= —0.35, P=0.018).

Figure 3c and d illustrate that murine plasma vWF antigen
levels rose [0 h =18.0 pg/ml (11.6-22.8) vs. 6 h =26.5 pg/
ml  (23.4-369] vs. 24h=063.7pg/ml (59.9-81.0)
P <0.0001], while murine ADAMTS13 levels decreased
significantly  [0h=0.200 pg/ml  (0.167-0.255)  wvs.
6h=0.146 (0.118-0.175) P<0.001 vs. 24h=0.102
(0.066—0.163) P < 0.0001].

Notably, a significant inverse relationship was seen: poly-
trauma mice with lower ADAMTSI3 demonstrated
increased vWF antigen levels [spearman 7= —0.49 (—0.75
to —0.08 P=0.01)] (Fig. 3e). Of note, the median murine

vWF  antigen:ADAMT'S13  antigen ratio  significantly
increased at each time point [0h=0.14 (0.06-0.45) vs.
6h=0.56 (0.44-0.63) vs. 24h=0.8 (0.75-0.89), with all
P < 0.003] (Data not shown). Furthermore, similar to human
trauma patients, the murine polytrauma model also demon-
strated increased VWF  multimeric forms circulating
within their plasma at the 6-h time point (lanes labelled
‘post’), when compared to the 0-h time point (lanes labelled
‘pre’) [34.8% (29.0-36.1) vs. 30.0% (25.9-32.61) P=0.01]
(Fig. 3fand g). Unedited versions of the gels in Fig. 3g may be
found in Supplemental Figure 2, http://links.lww.com/BCF/
Al14.
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vWF and ADAMTS13 levels in patients suffering traumatic injury. (a,b)
VWEF levels of both AKI and non-AKI traumatic injury patients at 0-, 24-,
and 72-h time points compared to healthy controls ([Healthy Control:
4.57mg/ml (3.99-5.35)], [ControlTrauma (Non-AKI) O h: 13.37mg/ml
(9.56-15.11), 24 h: 13.48mg/ml (10.98-18.07), 72 h: 14.54mg/ml
(8.43-17.11)], [AKI Patient O h: 11.18mg/ml (6.28—-11.18), 24 h:
11.98mg/ml (6.05-15.72), 72 h: 14.36mg/ml (12.58-15.35)].
ADAMTS13 activity levels of both AKI and non-AKI traumatic injury
patients at 0-, 24-, and 72-h time points compared to healthy controls
([Healthy Control: 1.3 IU/ml (1.06 —1.53)], [Control Trauma (Non-AKIl) O
h: 0.50 1U/ml (0.32-0.65) 24 h: 0.58 IU/mL (0.43-0.68) 72 h: 0.48
1U/ml (0.43-0.58), [AKI Patient 0.44 IU/ml (0.37-0.54) 24 hr: 0.57 IU/
ml (0.43-0.68) 72 h: 0.37 IU/ml (0.34-0.43)]. (c) vWF
Antigen:ADAMTS 13 Activity Ratio of control trauma patients was
significantly different than those that developed AKI at the 72-h time
point [29.3 (18.6-33.9) vs. 37.8 (34.6-41.8) P.0.02]. (d) VWF
Antigen levels strongly correlated with type Il collagen binding assay
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ADAMTS13 expression following murine polytrauma
model and in-vitro hypoxia models

ADAMTS13 gene expression in total liver RNA decreased
within 24-h post murine polytrauma model injury, with a
significant rebound at 72h [1.00 (0.98-1.02) vs. 0.42
(0.36-0.56), P<0.01 and 0.42 (0.36-0.56) vs. 0.62
(0.55-0.71), P=0.04] (See Supplemental Methods and
Supplemental Fig 3A, htep://links.lww.com/BCF/A115).
When LX-2 hepatic stellate cells underwent a 1.5-h
incubation in a 1% hypoxia chamber, there was a signifi-
cant decrease in ADAMTS13 gene expression and this
level was sustained at the 3-h time point [1.00 (0.98-1.02)
vs 0.70 (0.64-0.78), P=10.03 and 0.70 (0.64—0.78) at 1.5 h,
and 0.69 (0.63-0.77) at 3h, P=0.99 when compared with
1.5 h] (See Supplemental Methods and Supplemental Fig
3B, http://links.lww.com/BCF/A115). When returned to a
normoxic incubator for 3h, a significant rebound in
ADAM'TS13 gene expression was seen in the cells that
underwent a 1.5-h hypoxic insult [0.70 (0.64-0.78) vs.
0.94 (0.87-0.98), P =0.03]. However, cells that had been
incubated in hypoxic conditions for 3 h showed a persis-
tent reduction in ADAMTS13 gene expression [0.69
(0.63-0.77) vs. 0.71 (0.66-0.73), P=0.99].

Histologic evaluation of renal architecture

Analysis of the cortical region of 20 wm PFA fixed kidney
sections by haematoxylin and cosin staining (H&E)
showed marked differences between healthy mice and
those that underwent a polytrauma model. Major varia-
tions between these samples may be seen at both 20x and
40x optics (Fig. 4a). Notably, the traumatic injury sec-
tions showed loss of tubular lumen structure with dilation
of tubules and denudation of tubular cells in the cortical
region (black arrows). These effects became most promi-
nent in mice demonstrating more than 200 ng/ml increase
in cystatin C following traumatic injury (Fig. 4a, right).

We used 40 pm PFA fixed kidney sections and free float
stained them for fibrinogen (blue channel, Alexa Fluor
647), vWF (red channel, Alexa Fluor 405) or sialic acid
and N-acetylglucosaminyl residues for general structure
[green channel, using wheat germ agglutinin Alexa Fluor-
488 conjugate (WGA-488)]. A healthy kidney section
evaluated with both a 20x and 100x optic showed normal
architecture (Fig. 4b). Evaluation of the small vessel
vasculature demonstrated clear vessel lumens, despite
regions with weak, strand-like fibrinogen staining. VWF
(red) was seen clustered in endothelial cells surrounding
tubules.

Twenty-four hour post polytrauma model, dilated
tubules with denuded cells were seen under the 20x

(CBA) activity of samples from 0 to 72 h (r=0.83, P<0.0001). (e) The
ADAMTS13 activity level was inversely related to CBA:vWF antigen
ratio for samples from 24 and 72 h (r= —0.46, P.0.01). The red dotted
line represents the median CBA:vWF Antigen ratio of healthy control
samples [0.166IU/ml:pg/ml (0.149-0.202)].
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Haematological and renal effects of a murine polytrauma model. Mice underwent a polytrauma model. (a,b) Plasma samples from mice demonstrated
a significant increase in cystatin C levels over 6 and 24-h post polytrauma model [496 ng/ml (439-575) vs. 5653 ng/ml (479-640) vs. 550 ng/ml
(466-701)]. (c) VWF levels showed significant increases over this 24-h time period as well [0h=18.0 png/ml (11.6-22.8) vs. 6 h=26.5 ug/ml
(28.4-36.9) P<0.0001 vs. 24h=63.7 pg/ml (59.9-81.0)]. (d) ADAMTS13 antigen decreased following the murine polytrauma model
[0h=0.200 p.g/ml (0.167-0.255) vs. 6h=0.146 (0.118-0.175) P< 0.001 vs. 24h=0.102 (0.066-0.163) P< 0.0001]. (e) There was a
significant inverse relationship between murine ADAMTS13 antigen levels and vVWF antigen levels pooled from both 6 and 24 h post polytrauma
model [spearman r=—0.49 (—0.75 to —0.08) P=0.02]. (f,g) A matched analysis of murine HMWM-vWF forms demonstrated significant increases
6hrs following the polytrauma model [30.0% (25.9-32.61 vs. 34.8% (29.0-36.1)]. Two lanes were utilized for each mouse, denoted above the gels
as ‘pre’ or ‘post’ traumatic injury, which refer to plasma samples obtained immediately prior to injury ('pre’) or 6hrs after injury ('post’). Horizontal red
dotted lines designate various MW cutoffs. Vertical white dotted lines indicate cropped standard lanes.
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Fig. 4
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Murine histologic and immunohistochemical vVWF deposition analysis. (a) Left: H&E slide showing a 20um thick PFA fixed healthy kidney section with
both 20x and 40x optics. Right: H&E slide demonstrating a 20um thick PFA fixed kidney section from a mouse with a >200 ng/ml increase in cystatin
C following traumatic injury. Note dilated lumens with denudation of tubule cells (Black Arrows). (b) A 20x optic, healthy kidney section with a 100x
optic blow out of generalized small vessels utilizing RGB-colour channels is shown. vVWF is shown utilizing red, fibrinogen with blue, and generalized
structure using green. Weak fibrinogen staining can be seen within the vessel lumen. (c) A 20x optic, 24-h post polytrauma model kidney section is
shown. Under the 100x optic, small vessel plugs are visible, staining strongly for fibrinogen with a central region containing vVWF; this overlap appears
purple within the images.
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fluorescent optic (Fig. 4¢). Under the 100x optic, small
vessel plugs were visible, staining strongly for fibrinogen
(blue) with a central region containing vWF (red); this
overlap appears purple within the combined images.
Relevant secondary controls are provided in Supplemen-
tal Figure 4, http://links.lww.com/BCF/A116, demon-
strating a lack of nonspecific, red or blue secondary
antibody staining.

Discussion

With this work, our group provided evidence regarding
potential contributions of vWF in the development of
AKI secondary to traumatic injury. Microvascular deposi-
tions of vWF appeared in mice that developed AKI, but
these depositions were not seen in those that did not
develop AKI. These findings suggested that vWF was not
only acting as an acute phase reactant, but also as a direct
contributor to renal injury. Given these data, we posit that
the environment that is generated following traumatic
injury, when paired with increased HMWM-vWF forms
and an increased vVWF:ADAMTS13 ratio, exacerbates
renal injury through the demonstrated deposition of
proinflammatory vWF-containing small vessel plugs
[10,16,29-32].

Trauma patient plasma samples demonstrated a three-
fold increase in vVWF antigen upon admission. As the 72-h
time point approached, those patients that developed
AKI trended towards having increased vWF antigen and
percentage composition of HMWM-vWF (Figs. 1b and
2a). There were no significant differences in vWFE antigen
or ADAM'T'S13 levels between those who did or did not
develop AKI at any time point (Fig. 2a and b). However,
significant increases were secen in VWEF:ADAMTS13 in
the AKI patients at the 72-h time point, when compared
with controlled trauma patients. These data suggested
that although there were similar values of vWF antigen
and ADAM'T'S13 activity separately, the combined effect
of these changes may markedly contribute to a prothrom-
botic environment within patients that develop AKI
(Fig. 2¢).

Although the data from human trauma plasma samples
showed significant changes in ADAMTS13 and vWF
form and function following traumatic injury, the study
was limited in its ability to be generalized by the sample
size of eight patients per arm. Importantly, while 523
patients met inclusion criteria for the original PAMPer
trial, there were eight total patients who developed AKI
that had plasma samples from at least two out of three of
the necessary time points (0, 24 and 72 h), and were also
able to be well matched according to age, injury severity
score and lactate (Table 1). Notably, of the samples that
were obtained for our study, we were unable to control for
the administration of prehospital plasma. Only four of the
16 patients in this cohort received prehospital plasma
(three who developed AKI, one who did not). Although
this may have minimally affected the 0-h time point, the

number of transfused units of blood products between
both patient groups were equivalent by the 24-h time
point (Table 1). These data suggested that the effect of
blood product transfusion on later time points was likely
equivalent between AKI and non-AKI patients.

The small study population likely inhibited our ability to
detect small effect sizes, such as differences in vWF
multimeric form (Fig. 1b). Unfortunately, vVWF agarose
gel electrophoresis is intrinsically limited by its low
throughput protocol. Although the limitation of small
sample size does confound our ability to broadly extrap-
olate these data, it was adequate for the purposes of
supporting the preliminary nature of this work. Future
studies will need to examine potential for updating
methods of vWF multimeric analysis towards a protocol
that allows for higher throughput of multimer approxi-
mation, which would allow for the assessment of larger
sample sizes.

A well defined murine polytrauma model was utilized in
order to evaluate if mice demonstrated posttraumatic
pathologic similarities in ADAM'TS13 and vWF, when
compared with humans. The incidence of animals dem-
onstrating a more than 200 ng/ml increase in cystatin C
was 50% at 6 h and 38% at 24 h (Fig. 3a and b); further-
more, these samples demonstrated signs of acute tubular
necrosis when evaluated microscopically (Fig. 4a), sug-
gesting that severe renal injury was being produced at
rates similar to typical traumatic injury patients [15—
19,33,34]. Unfortunately, in-depth analyses that define
a relationship between AKI and cystatin C levels in mice
are lacking. However, Leelahavanichkul ez a/. [27] pro-
vided important insights in their work, which demon-
strated that acute increases in cystatin C suggest a
drastically reduced inulin glomerular filtration rate, and
thus renal injury. Although serum creatinine levels would
have circumvented the need for cystatin C measure-
ments, low circulating serum levels were undetectable
by our ELISAs. Furthermore, murine urine, which typi-
cally holds a higher concentration of creatinine than
murine serum, was not consistently obtainable at the
time of sacrifice.

Given that ADAMTSI13 antigen levels were lower in
both mice and humans following traumatic injury
(Fig. 2b), the effect of traumatic injury on hepatic
ADAMTS13 mRNA production was evaluated, as the
liver is described as a major ADAM'T'S13 producing organ
(Supplemental Figure 3A, http://links.lww.com/BCF/
A115) [25]. These studies were performed in order to
understand if the mice compensated for the decreases in
circulating ADAM'TS13 antigen by means of upregulat-
ing production of ADAMTSI3 gene expression.
ADAMTS13 RNA expression levels were inhibited by
60% at the 24-h time point following traumatic injury
(Supplemental Fig 3A, http://links.lww.com/BCF/A115).
We hypothesized that the lack of ADAMTS13 mRNA
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production may be a consequence of the ischemic insult,
due to shock, following traumatic injury (Supplemental
3B, http://links.lww.com/BCF/A115) [35], along with
cytokine release as previously demonstrated [36]. To
fully understand the effects traumatic injury on the
production of ADAMTS13, it would be necessary to
evaluate other sources of ADAM'TS13, such as the vas-
cular endothelium [37]. Given the highly vascularized
nature of the liver, we were limited in our analysis, as we
were unable to identify if the ADAMTS13 mRNA that
we detected in total liver RNA was sourced from hepatic
stellate cells or from vasculature. However, the in-vitro,
hypoxic LX-2 hepatic stellate cell exposure model (Sup-
plemental Fig 3B, htep://links.lww.com/BCF/A115) sug-
gested a potential role for hypoxic inhibition of stellate
cell ADAMTS13 RNA production, which was
previously unrecognized.

To evaluate if there was a distribution of the circulating
murine vWF within the kidney, we assessed renal architec-
ture by microscopy (Fig. 4) [24,38]. Diffuse staining of
endothelial vWF, was present in kidneys of both healthy
and traumatically injured mice. Importantly, the kidneys in
the traumatically injured mice showed evidence of vVWF
and fibrinogen containing microvascular plugs, measuring
from 8 to 16 wm in size, which were unapparent in uninjured
mice (Fig. 4c). The structure of these plugs showed a
weaker VWF staining center with a strong fibrinogen stain-
ing overlap, which is conducive with typical clot structure
(Fig. 4¢) [39]. Notably, the form of circulating vVWF and the
environment it is exposed to are likely primary predictors of
the rate at which these vVWF-containing microvascular plugs
form, as vVWF binding to either the sub-endothelium or the
endothelium is the driver of platelet adherence in thrombus
formation [40,41]. Future studies would benefit from con-
trasting the molecular structure of thrombi seen in our
traumatic injury mouse model to those generated in a
murine T'TP model [42—44]. The demonstration of simi-
larly structured vWF rich thrombi in both mouse models
would further support the primary role of vVWF in the
production of these thrombi.

Although we did demonstrate similarities between our
mouse model with the human trauma patients that were
studied, our ability to translate our results from one group
to another was hindered by variations in ADAM'TS13 and
vWF antigen levels, form, and function in mice when
compared with humans. These shortcomings were recti-
fied by the functional demonstration of the prothrombo-
tic high molecular weight vVWF forms that may have led
to the microvascular deposits that were seen on renal
microscopy. However, future studies are warranted to
evaluate for the ability to clear vWF from the renal
microvasculature, by means of recombinant ADAM'T'S13
administration, in an attempt to prevent the development
of AKI. Recent evidence suggested that hADAM'TS13
may reduce the burden of shock and organ injury in a rat
transfusion model [45]. Aspects such as route and timing
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of administration of ADAMTS13 will require extensive
calibrations. Furthermore, either recombinant murine
ADAMTS13 or extensive characterization of recombi-
nant human ADAMTS13 on mice will be needed in order
to evaluate specificity and mechanisms of its effects.
These further studies were not within the scope of our
current project, which sought to demonstrate the fate of
an increasingly pro-thrombotic and pro-inflammatory
population of vWF on the renal circulation.

Our group has shown that traumatic injury causes drastic
variations within circulating vVWF form and function.
Concomitantly, ADAMTS13 levels plummet, perhaps
becoming unable to control the circulating vWF popula-
tion. The pathological state of trauma leads to conditions
that can exacerbate renal injury, not only including
hypoperfusion due to shock, but also deposition of micro-
vascular plugs due to variations in vVWF and ADAMT'S13.
We conclude that trauma shifts the vVWF-ADAMTS13
axis towards a prothrombotic state by means of alterations
in circulating factors such as an elevated vWEF:A-
DAMTS13  ratio and increased prothrombotic
HMWM-vWEF. Ultmately, we believe these changes
may contribute to trauma induced renal injury by increas-
ing the risk for microvascular thrombotic events.
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