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Abstract

Objective: Microvascular thrombosis is the hallmark pathology of thrombotic thrombocytopenic 

purpura (TTP), a rare life-threatening disease. Neurologic dysfunction is present in over 90% of 

TTP patients, and TTP can cause long-lasting neurological damage or death. However, the 

pathophysiology of microvascular thrombosis in the brain is not well-studied to date. Here, we 

investigate the formation, and resolution of thrombosis in pial microvessels.

Approach and Results: Using a cranial intravital microscopy in well-established mouse 

models of congenital TTP induced by infusion of recombinant von Willebrand factor (VWF), we 

found that soluble VWF, at high concentration, adheres to the endothelium of the vessel wall, self-

associates, and initiates platelet adhesion resulting in the formation of pial microvascular 

thrombosis in ADAMTS13−/− mice. Importantly, VWF-mediated pial microvascular thrombosis 

occurred without vascular injury to the brain and thrombi consisted of resting platelets adhered 

onto ultra large VWF without fibrin in the brain in rVWF challenged ADAMTS13−/− mice. 

Prophylactic treatment with recombinant ADAMTS13 (BAX930) effectively prevented the onset 

of the VWF-mediated microvascular thrombosis and therapeutic treatment with BAX930 acutely 

resolved the preexisting or growing thrombi in the brain of ADAMTS13−/− mice following rVWF 

challenge. The absence of platelet activation and fibrin formation within VWF-mediated thrombi 

and efficacy of BAX930 was confirmed with an endothelial-driven VWF-mediated microvascular 

thrombosis model in mice.

Conclusions: Our results provide important insight into the initiation and development of 

microvascular thrombi in mouse models that mimics TTP and indicate that rADAMTS13 could be 

an effective interventional therapy for microvascular thrombosis, the hallmark pathology in TTP.
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Introduction

Thrombotic thrombocytopenic purpura (TTP) is a rare but life-threatening disease 

characterized by profound thrombocytopenia, microangiopathic hemolytic anemia, and 

organ ischaemia.1-3 Hereditary or acquired severe deficiency (<10% of the normal enzyme 

activity) of ADAMTS13 (a disintegrin and metalloproteinase with a thrombospondin type 1 

motif, member 13), a von Willebrand factor (VWF) cleaving protease in plasma, is 

associated with the occurrence of TTP.4, 5 In a healthy person, plasma ADAMTS13 cleaves 

endothelial cell-secreted ultra-large VWF (ULVWF) multimers into smaller, non-

thrombogenic forms, thereby preventing spontaneous platelet adhesion and occlusive 

microvascular thrombosis. However, in the onset of microvascular thrombosis in TTP 

patients, the deficiency of ADAMTS13 results in an inability to cleave ULVWF and leads to 

adhesion of platelets on ULVWF via platelet surface glycoprotein Ibα (GPIbα) binding to 

the A1 domain of VWF.6-8 The hallmark pathology of TTP is microvascular thrombosis in 

major organs such as the brain, liver, kidneys, heart, and pancreas, caused by unrestricted 

platelet adhesion to ULVWF multimers.7, 9 Acute onset of TTP is a severe medical 

emergency, and plasma exchange therapy with or without immunosuppressive agents is the 

only first line therapy for TTP since it has been shown to be effective in reducing mortality 

from 90% to less than 20%.3, 10

Along with research advancements focused on understanding the pathogenesis of TTP, novel 

therapeutic strategies have been evaluated in both preclinical models 11-14 and current 
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clinical trials15, 16 with promising results. These novel modalities include the development 

of recombinant ADAMTS13 (rADAMTS13)16, nanobody targeting the A1 domain of VWF 

(Caplacizumab)15, a GPIba receptor antagonist (Anfibatide)17, and disulfide-bond reducing 

reagent N-acetylcysteine (NAC).13, 18 All these strategies involve either 1) directly reducing 

the size of VWF multimers or 2) disruption of the platelet-VWF interaction to prevent the 

onset and development of microthrombosis. Microthrombosis is responsible for the severe 

platelet consumption, multiple organ failure, and microangiopathic hemolytic anemia 

associated with TTP. Since ADAMTS13 deficiency is the fundamental cause of TTP, 

rADAMTS13 is an emerging therapeutic currently under evaluation in preclinical models 

and clinical trials; these trials show promising results supporting the use of BAX930 for the 

treatment of TTP.11, 12, 14, 19 In preclinical animal studies, both prophylactic and therapeutic 

administrations of BAX930 have been shown to effectively prevent the development of TTP-

like symptoms, stabilize platelet counts, and prevent organ damage associated with 

microvascular thrombosis in mouse models of congenital TTP induced by recombinant 

VWF infusion. 11, 12, 14, 20 Furthermore, in a cerebral artery ischemia reperfusion model, 

ADAMTS13 regulation of VWF-platelet interactions has been shown to protect the brain 

from ischemia indicating rADAMTS13 may be a useful therapeutic agent for stroke.21-24 

Phase 1 studies of rADAMTS13 (BAX930) have recently reported favorable safety and 

pharmacokinetics19, suggesting that recombinant ADAMTS13 would be an ideal therapeutic 

option for inherited TTP and might be a potential alternative therapy for acquired TTP when 

used in combination with plasma exchange therapy.

ADAMTS13 is an intriguing multidomain metalloprotease (Fig. 1) with VWF as its only 

known substrate. Regulation of ADAM-TS13 activity is unique as conformational changes 

in VWF are needed before proteolysis can occur [4–6]. Under nor-mal conditions, ultra-

large (UL), hyperreactive VWF mul-timers are secreted from endothelial cells. Due to shear 

stress in flowing blood, they unfold and are processed by ADAMTS13 into normally sized, 

quiescent multimers (Fig. 2A). This process prevents spontaneous interaction between UL-

VWF and the glycoprotein (GP) Ib/IX/V receptor on circulating platelets. In the absence of 

ADAM- TS13 activity, UL-VWF multimers can accumulate, leading to formation of 

disseminated thrombi that are rich in platelets and VWF. These microthrombi can block 

arterioles and capillariThe identification of ADAMTS13 mutations in hereditary TTP 

patients made ADAMTS13 knockout (KO) mice an attractive animal model to study for 

human congenital TTP.11,12 ADAMTS13 deficiency alone is insufficient to spontaneously 

develop TTP-like symptoms in mice, which limits the usage of this mouse model to study 

novel therapeutic approaches.20, 25 Challenging of ADAMTS13 deficient (ADAMTS13−/−) 

mice with intravenous infusion of high doses of recombinant human VWF containing 

ULVWF multimers circumvents this limitation; mice develop TTP-like symptoms similar to 

human patients, and this mouse model has been widely used as a congenital model for TTP 

to allow us to assess the efficacy of potential novel therapeutics.14, 18, 26 Recombinant VWF 

(rVWF)- challenged ADAMTS13−/− mouse recapitulates many clinical manifestations and 

key elements in the pathology of TTP and is therefore useful for in vivo evaluation of 

potential therapy. However, pathological examinations of this model have consistently failed 

to detect microvascular thrombosis in brain vasculature, a primary pathological consequence 

of TTP that is known to lead to neurologic dysfunction in over 90% of patients.27, 28 

Adili and Holinstat Page 3

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Importantly, the rVWF-mediated onset of TTP in ADAMTS13−/− mice occurs in the 

absence of endothelial activation, and the mechanism by which circulating VWF in the 

plasma initiates thrombocytopenia and microthrombosis in vivo is not well studied. It is not 

clear whether the transfused exogenous rVWF containing ULVWF interacts with the 

endothelium on vessel wall and forms microvascular thrombosis when exposed to shear 

stress. Recently, the ability of VWF to self-associate has been highlighted in regulating the 

hemostatic activity of VWF.29 VWF self-association is a complex process by which 

multimeric VWF homotypically associate or aggregates with additional VWF multimers 

upon exposure to shear stress. While the molecular mechanism of VWF self-association is 

not yet fully understood, the role of ADAMTS13 in preventing VWF self-association and in 

regulation of VWF size are well established.30 Studies revealed that VWF self-association 

occurs in vitro under flow conditions, and this self-association of VWF into fibers supports 

platelet adhesion in microvessels, indicating that VWF self-association may play a role in 

pathological thrombosis.31-33 However, it is not clear whether VWF self-association occurs 

in vivo or whether it is responsible for triggering the onset of microvascular thrombosis in 

the mouse model of TTP when VWF concentration increases acutely, especially when 

ADAMTS13 is absent. Additionally, TTP-like symptoms are poorly correlated to 

pathological findings of microthrombi. Thus, it is necessary to determine the onset and 

composition of microvascular thrombosis especially in the brain in mouse models of TTP 

and to further determine the efficacy of BAX930 on the resolution of cerebral 

microthrombosis.

MATERIALS AND METHODS

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.

Animals

All experiments and animal care were approved by the University of Michigan Institutional 

Animal Care and Use Committee. ADAMTS13−/− mice (backcrossed>10 generations to 

C57BL/6J genetic background) were kindly provided by Dr. David Ginsburg (Department of 

Internal Medicine, University of Michigan, Ann Arbor, Michigan). Corresponding 

background matched wild-type (WT) C57BL/6J mice (stock: 000664) were purchased from 

the Jackson Laboratory (Bar Harbor, ME) and used as controls.

Materials

Recombinant human VWF (Shire, Vienna, Austria) and BAX930 were provided by Baxalta 

US Inc. (now part of Shire). rVWF (614 IU/per vial) was dissolved in 1mL of saline solution 

and the mice were challenged with 2000 U/kg rVWF (in 100uL of volume diluted with 

saline as needed based on the body weight of the mouse) via intravenous bolus injection. 

ADAMTS13 activity (3333.5U/mL), ADAMTS13 antigen level (2207.5 μg/mL) and total 

protein level (0.4948mg) of BAX930 were evaluated by Baxalta prior to shipment for use in 

the study. Mice were treated with 320 units/kg of BAX930 (diluted in 50uL of saline) via 

intravenous bolus injection. Same volume of saline solution was intravenously injected as a 

vehicle control for rVWF or BAX930 into control mice. For directly detecting of rVWF 
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binding to endothelial in vivo, rVWF was fluorescently labeled using an Alexa Fluor 488 

dye (Invitrogen, USA) according to manufacturing instruction prior to injecting into mice.

rVWF-induced mouse model mimicking TTP

TTP in mice was provoked by intravenous injection of a high dose of rVWF in 

ADAMTS13−/− mice, a widely used well-established congenital mouse model of TTP as 

previously described.11, 12, 14, 25 Briefly, ADAMTS13−/− mice (8–10 weeks old) were 

anesthetized using 2.5% isoflurane and 2000 U/kg rVWF was intravenously given via tail 

vein catheter to trigger a rapid development of TTP-like symptoms including severe 

thrombocytopenia, schistocytosis, a decrease in hematocrit, elevated serum lactate 

dehydrogenase levels, and organ damage, as has been well-characterized by several other 

groups.11, 12, 14 Vehicle (saline solution) was injected into ADAMTS13−/− mice as a 

negative control. 2000 unit/kg rVWF was also injected into WT mice as a control for rVWF-

induced thrombosis in ADAMTS13−/− mice mimicking TTP. All the procedures described 

above were performed in mice under intravital microscopy using real-time visualization of 

thrombosis and thrombolysis in the brain surface microvessels as described below.

Real-time intravital microscopy imaging

Cranial window imaging of brain microvascular thrombosis in mouse model of 
TTP—Brain microvascular thrombosis in ADAMTS13−/− mice induced by rVWF infusion 

was observed in real-time via cranial window imaging on brain surface vasculature via 

intravital microscopy as described.34, 35 Briefly, ADAMTS13−/− mice were anesthetized 

with isoflurane and the mouse was positioned in a stereotactic head holder built on 

microscope stage adaptor equipped with gas mask and heating pad. Anesthesia was 

maintained with 2.5% isoflurane using a facial gas mask and mouse body temperature was 

maintained at 37 °C throughout the procedure using a heating pad controlled by a 

thermocontroller (Stoelting rodent warmer, Wood Dale, IL, USA). A tail vein catheter was 

established to administer antibodies and therapeutic reagents as needed. The surgical area 

was cleaned, and a 1 cm area of skin was excised on the dorsal surface of the skull over the 

right cortical hemisphere. A cranial window (3–4 mm in diameter) was surgically prepared 

using a high-speed drill under dissecting microscope (Olympus SZ61). A glass cover slip 

was placed on the cranial window and edges were sealed with Vetbond™ glue. Platelets in 

ADAMTS13−/− mice were fluorescently labeled by injecting DyLight 488- conjugated rat 

anti–mouse platelet GP1bβ antibody (0.1 μg/g; EMFRET Analytics) to visualize the 

platelets in blood flow in brain microvasculature as was carried out in previous studies.36, 37 

Then, the mouse in the stereotactic microscope stage adaptor was placed under an upright 

Zeiss Axio Examiner Z1 Advanced VIVO™ microscope (Intelligent Imaging Innovations) 

to visualize the pial microvessels using a X25 /0.8 numerical aperture oil immersion 

objective lens (Zeiss) or using a X10/0.3 air objective lens (Zeiss) through a high-speed 

sCMOS camera. All data were recorded and analyzed with SLIDEBOOK 6.0 (Intelligent 

Imaging Innovations) program. After 3 min prerecording, 2000 U/kg rVWF was 

intravenously given via tail vein catheter to induce TTP in mice.14, 19 Brain 

microvasculature was continuously monitored in real-time for up to 90 min for the detection 

of thrombosis and cessation of blood flow. TTP was induced in a total of 15 ADAMTS13−/− 

mice by rVWF transfusion, and brain microvasculature was monitored and recorded using 
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real-time intravital microscopy. 5 ADAMTS13−/− mice (3 male and 2 female) were treated 

with vehicle control and 5 mice were intravenously given 320 units/kg of BAX930 

prophylactic treatment 10 min prior to microscopy. The remaining 5 mice were given 320 

units/kg of BAX930 intravenously when thrombosis reached approximately 70% of the 

vessel diameter occlusion, which happened 30 to 60 min after the bolus injection of 2000 

U/kg rVWF via tail vein catheter. P-selectin expression on adhered platelets and platelets 

within microthrombi in mice were determined by injecting mice with Alexa Flour 647-rat 

anti-mouse CD62P antibody (BD Biosciences; 3 μg/per mouse) as reported previously.38, 39 

Fibrin formation within microthrombosis in vivo was detected by injecting mice with anti-

fibrin labeled with Alexa Fluor 647, 0.3 μg/g) antibodies via jugular vein catheter prior to 

intravital microscopy imaging as described.38, 39 To further confirm rVWF binding to 

endothelial in vivo in ADAMTS13 deficiency, Alexa Fluor 488-conjugated rVWF (2000 

U/kg rVWF) were injected into ADAMTS13−/− mice following the injection of DyLight 649 

conjugated rat anti–mouse platelet GP1bβ antibody for platelet labeling. Positive control 

images of platelet surface P-selectin expression and fibrin formation in thrombi in vivo were 

achieved by laser injury induced thrombosis in the pial microvessels of the brain under X40 

1.0 air objective in experimental mice (3 mice).

Ionophore-provoked ULVWF-mediated microvascular thrombosis model—
ADAMTS13−/− and WT recipient mice were anaesthetized and intravenously injected with 

fluorescently labeled platelets purified from the donor mice of the same genotype, and 

ionophore-provoked microvascular thrombosis in mesenteric venules was monitored in real-

time under intravital microscopy as we characterized in our previously study.13 Platelet 

preparation: Mice (6–8 weeks old) were anaesthetized by i.p. injection of ketamine/xylazine 

(100 mg/kg and 10 mg/kg body weight respectively), and whole blood was collected from 

the retro-orbital plexus using heparin-coated glass capillary tubes.37 Blood was collected 

into a tube containing ACD (38 mM citric acid, 75 mM trisodium citrate, 100 mM dextrose). 

Platelet-rich plasma (PRP) was obtained by centrifugation of whole blood at 300 × g for 7 

min. Gel-filtered platelets were then isolated from the PRP using a sepharose 2B column in 

PIPES buffer (PIPES 5 mM, NaCl 1.37 mM, KCl 4 mM, glucose 0.1%, pH 7.0). Platelet 

counts were confirmed using a Hemovet (HV950, Drew Scientific). Fluorescent labeling of 

gel-filtered platelets was achieved by incubating platelets with calcein-AM (1 μg/mL) for 15 

min at room temperature. The efficacy of the fluorescent labeling of platelets was confirmed 

under fluorescent microscope prior to being used for in vivo imaging. Intravital microscopy 

imaging: 4-week-old mice were anesthetized and injected with fluorescently labeled 

platelets (1.25 × 106 platelets/g from mice of the same genotype). Mesenteric vessels were 

surgically prepared and monitored under an inverted fluorescent microscope (Zeiss Axio 

Observer Z1 Advanced Marianas™ Microscope) using a X20/04 numerical aperture air 

objective lens (Zeiss). An approximately 2.5mm section of the mesenteric venule (100 to 

150 μM in diameter) was topically treated with 10 μL of 10 μM of calcium ionophore to 

induce Weibel-Palade body secretion of ULVWF from the endothelium, resulting in 

immediate adhesion of fluorescently labeled platelets and formation of platelet thrombi 

anchored to the vessel wall. For each mouse, the process of thrombosis and the resolution of 

thrombi were monitored and recorded for 20 min in addition to prerecording. BAX930 (320 

units/kg) was administered via tail vein catheter 10 min prior to (prophylactic) or 2 min after 
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(therapeutic) the onset of thrombosis by calcium ionophore stimulation in mesenteric 

microvasculature in ADAMTS13−/− and WT mice (8 mice (4 male and 4 female) in each 

experimental group). The dynamics of platelet accumulation in selected vessel segments was 

quantitatively analyzed by 1) change in platelet fluorescent intensity over time 2) number of 

emboli (platelet thrombi larger than 20 μm in diameter) 3) thrombus resolution time: defined 

as the time required for platelet the fluorescence to return to near baseline following the 

topical application consistent with our previous study.13

Statistical analysis

Data are presented as mean ± standard error of the mean (SEM). Statistical significance was 

assessed by unpaired and paired Student t test and two-way analysis of variance (ANOVA) 

with Prism 6.0 software (GraphPad). All data were first subjected to Shapiro-Wilk normality 

test and F test to evaluate homogeneity of variances. For normally distributed data with 

similar variances among groups, unpaired Student t test with Welch correction was used for 

2 group comparisons and 1-way ANOVA followed by Tukey test was used for more than 2 

groups comparisons. Two-way ANOVA followed by Bonferroni test was applied for 

comparisons of grouped data under different conditions. Nonparametric Mann-Whitney test 

was used for data not normally distributed. P< 0.05 is considered significant.

Results

In the absence of ADAMTS13, soluble VWF self-associates on vessel walls to initiate 
platelet adhesion and pial microvascular thrombosis

To investigate whether rVWF transfusion in ADAMTS13−/− mice results in brain 

microvascular thrombus formation and to assess the initiation of microvascular thrombosis 

and platelet fibrin content of thrombi, a closed cranial window intravital microscopy 

approach was used as described previously.34 The platelet-vascular wall interaction in the 

pial microvascular circulation in the brain was monitored in real-time in ADAMTS13−/− 

mice in response to rVWF challenge for up to 90 min. A dose of 2000 U/kg rVWF was 

chosen for the challenge in ADAMTS13−/− mice, as it was shown in previous studies to 

result in an acute increase of plasma VWF antigen (from 0.15 U/mL up to 55 U/mL) 

sufficient to provoke the TTP symptoms.11 Fluorescent labeling of endogenous platelets was 

sufficient to observe the pial microvascular circulation in mice under intravital microscopy. 

As shown in Figure 1A (upper panel), as expected, platelet adhesion and aggregate 

formation was not detected in the brain microvasculature in ADAMTS13−/− mice treated 

with vehicle control prior to rVWF challenge. As shown in Figure 1A (lower pane), B and 

C, shortly after the bolus injection of rVWF into ADAMTS13−/− mice, circulating 

fluorescent platelets adhered to and formed visible platelet aggregates and microthromboses 

result in microvessel occlusion, which worsens over the time (movie 1 in the supplement). 

Capillary microvessels (approximately 10 μm in diameter) were more readily occluded than 

larger vessels and thrombi varied in time of appearance and location. Sporadic visible 

thrombi (>20 μm in diameter) were detected in both venules (move 2 in the supplement) and 

arterioles (move 3 in the supplement) as early as 5 min and as late as 90 min in different 

locations of pial microvessels. In real-time monitoring under higher magnification, we found 

that the infusion of rVWF led to the formation of long, loosely attached platelet strings that 
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were frequently washed downstream under the shear (Figure 2B (upper panel) and move 4 in 

the supplement). Some of the adhered platelet strings grew into platelet thrombi as observed 

in the microvasculature of ADAMTS13−/− mice. Additionally, observed platelet strings and 

sporadic thrombi varied in length (10 to 100 μm) and easily detached from vessel walls. 

Some adhered platelets grew into thrombi that momentarily attached to the vessel wall and 

occluded the vessels, resulting in the cessation of blood flow. The platelet micro-thrombosis 

worsened over the period of 90 minutes in rVWF challenged ADAMTS13−/− mice, and this 

is consistent with the reported kinetics of thrombocytopenia development in ADAMTS13−/− 

mice soon after the rVWF challenge. 11 VWF self-association on vessel walls and 

subsequent platelet adhesion seem to associate with the deficiency of ADAMTS13 as an 

intravenous bolus injection of the same dose of rVWF into WT mice did not result in 

thrombosis in the brain under the same experimental conditions (Figure 1E upper panel). 

Bolus injection of rVWF into WT mice only resulted in the immediate appearance of some 

floating platelet microaggregates in pial microvasculature but quickly cleared from pial 

microcirculation within a minute, as observed under high magnification (Figure 1E, lower 

panel). Finally, the binding of circulating soluble VWF to the endothelial surface of 

microvascular walls and subsequent VWF self-association was further confirmed by 

challenging ADAMTS13−/− mice with fluorescently labeled rVWF. As shown in Figure 2A 

and B, fluorescently labeled rVWF bound to endothelial surfaces and self-associated to form 

VWF fibers in ADAMTS13−/− mice. Platelets adhered onto endothelial bound VWF fibers, 

which resulted in the formation of platelet strings. We also observed VWF fibers along the 

vessel wall within microvascular thrombosis (shown by arrow).

Platelet activation and fibrin formation are not required for pial microvascular thrombosis 
in TTP in vivo

Deficiency of ADAMTS13 causes the VWF-mediated platelet aggregation and 

microvascular thrombosis in the arterioles and capillaries characteristic of TTP.9 VWF is 

well-known for its interactions with platelet surface GPIba and glycoprotein IIb/IIIa (also 

known as integrin αIIbβ3), an indispensable receptor responsible for mediating platelet 

aggregation by binding to fibrinogen, VWF, and other ligands in plasma and platelets in the 

event of vascular injury.37, 40 Unlike VWF-GPIbα binding, VWF binding to integrin αIIbβ3 

requires platelet activation, as αIIbβ3 receptors exist in an inactive form on resting platelets. 

In order to determine whether VWF-GPIbα interaction in TTP causes platelet activation and 

αIIbβ3-mediated platelet aggregation in vivo, we determined platelet surface P-selectin 

expression and fibrin formation in pial microvascular circulation in ADAMTS13−/− mice 

challenged with rVWF under intravital microscopy. As was expected, circulating, 

fluorescently labeled platelets in ADAMTS13−/− mice were negative for P-selectin 

expression prior to rVWF challenge as observed via cranial window under intravital 

microscopy. As shown in Figure 1B, the vast majority of platelets adhered to platelet strings 

anchored to the vessel wall, formed occlusive microthrombi in arterioles, venules, and 

capillaries, and were negative for platelet surface P-selectin expression. Only a few 

individual platelets positive for P-selectin were observed and no notable increase in P-

selectin expression was observed over time. Furthermore, fibrin was not detected in the 

observed microvascular thrombi in the brains of ADAMTS13−/− mice (Figure 1C), 

indicating that platelet activation and fibrin formation are not required for microvascular 
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thrombosis in the mouse model of TTP. Fibrin formation and P-selectin positive platelets 

were detectable with a laser injury induced thrombi in pial microvasculature in the brain of 

the same ADAMTS13−/− mice (Supplementary Figure 1). Thus, the development of 

microvascular thrombi in TTP mice was dramatically different from that of injury-induced 

thrombi.

Recombinant ADAMTS13 treatment effectively prevents and resolves pial microvascular 
thrombosis in a mouse model of TTP

The effectiveness of plasma transfusion for the treatment of TTP is derived from the 

substitution of ADAMTS13 and the simultaneous removal of circulating anti-ADAMTS13 

autoantibodies present in patients with acquired TTP.2, 3, 41 The effectiveness of 

rADAMTS13 has been proven in vitro, and rADAMTS13 has been shown to restore 

ADAMTS13 levels and ameliorate severe acquired TTP-like symptoms in a preclinical 

animal model of TTP induced by recombinant VWF transfusion and anti-ADAMTS13 

antibodies.12 Restoring the platelet count and reducing the severity of TTP-like symptoms 

has been the focus of many of these studies. In this study, we evaluated the prophylactic and 

therapeutic efficacy of BAX930 on the formation and resolution of cerebral microvascular 

thrombosis in our mouse model of TTP. To be consistent with previously published studies, 

a dose of 320 U/kg of rADAMTS13, which has been previously proven effective in 

prevention or therapeutic treatment of TTP-like symptoms in mouse models of TTP, was 

chosen for the current study. The therapeutic effects of rADAMTS13 (BAX930) were 

assessed in mice either immediately following the growth of detected microthrombi in pail 

venules to approximately 70% of vessel diameter, after 10 to 15 min of continuous growth 

(Figure 3A upper panel, movie 2 in the supplement), or after the complete vessel occlusion 

in pial arterioles as shown in Figure 3A (middle and lower panel, movie 3 in the 

supplement). Thrombus formation in pial venules was monitored from the time it began until 

it reached more than 70% occlusion, at which point a tail vein injection of BAX930 was 

immediately given. BAX930 treatment resulted in a notable resolution of growing thrombi, 

diminishing the thrombus size and preventing vessel occlusion during the observed time of 

60 minutes post-treatment. Next, thrombus formation was captured in pial arteriole where 

full occlusion of the arteriole at the bifurcation was observed. The occlusive thrombus was 

visibly loose, forming small emboli but consistently growing and was continuously recorded 

for 20 minutes with vehicle treatment before BAX930 treatment. BAX930 treatment 

resolved the embolic thrombi and improved the blood flow and recanalization of arterioles, 

as the size of thrombi decreased over a 30 minute time period (Figure 3A lower panel and 

movie 3 in the supplement). Lastly, BAX930 treatment was initiated after complete vessel 

occlusion by thrombi formed in vehicle treated, rVWF challenged ADAMTS13. The 

occlusive thrombi were resolved by BAX930 treatment, and blood flow was partially 

restored following BAX930 treatment (Figure 3B). Taken together, BAX930 treatment 

resulted in a notable resolution of microaggregates, pre-formed thrombi, and growing 

thrombi and improved blood flow and vessel recanalization when percentage of vessel 

occlusion by thrombi was compared in different in size of vessels (Figure 3B left: <10μm 

and Figure 3B right: 10μm > in diameter) prior to and post BAX930 treatment (P<0.001 

respectively). Consistent with these results, prophylactic treatment of BAX930 effectively 
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prevented the microvascular thrombosis in ADAMTS13−/− mice in respond to rVWF 

challenge (Figure 3C).

rADAMTS13 treatment attenuates platelet adhesion and accumulation on endothelial-
bound ULVWF newly released from activated endothelial cells in vivo

Some limitations of this rVWF-mediated mouse model of TTP include the lack of 

endothelial activation, endothelial release of ULVWF and difficulty in the quantitative 

assessment of thrombus resolution. Thus, the efficacy of BAX930 on the formation and 

resolution of microthrombosis was further evaluated using an ionophore-provoked, ULVWF-

mediated microvascular thrombosis model as was previously characterized in the mesenteric 

microvasculature in ADAMTS13−/− mice.13 No platelet adhesion to the mesenteric vessel 

wall was detected under intravital microscopy recorded for 3 minutes prior to the application 

of ionophore in ADAMTS13−/− mice. As shown in Figure 4 (movie 5 and 6 in the 

supplement), topical application of calcium ionophore to the mesenteric vessel in 

ADAMTS13−/− mice resulted in secretion of ULVWF from activated endothelial cells in 

mesenteric venules, which lead to immediate accumulation of fluorescently labeled platelets. 

Accumulation of platelets often presented as single platelet strings apparently attached to 

endothelial-anchored ULVWF strands. Within minutes, thrombi containing multiple platelets 

formed and grew to 60% of the diameter of the treated vessels, but did not reach vessel 

occlusion, as they were loose and frequently embolized from the vessel wall. Interestingly, 

platelet adhesion and thrombosis in response to ionophore treatment was also observed in 

WT mice but it diminishes quickly as platelet adhesion was visibly less and thrombus size 

was much smaller in WT. Shown in Figure 4B, prophylactic BAX930 treatment but not 

vehicle treatment effectively prevented the ionophore -provoked platelet adhesion and 

thrombosis in ADAMTS13−/− mice. BAX930 treatment after 2 min of the onset of 

thrombosis was also immediately dampened the ongoing thrombosis in ADAMTS13−/− 

mice. Lastly, prophylactic or therapeutic BAX930 treatment was also inhibited the observed 

platelet adhesion and thrombosis in WT. (Figure 4C).

Quantitative analysis of platelet thrombotic response (Figure 5) in ADAMTS13−/− and WT 

mice is consistent with the visual observations in vivo. The analysis of the dynamics of 

platelet fluorescent intensity over the course of thrombotic response in ADAMTS13−/− mice 

showed that there was a robust increase in platelet fluorescent intensity with platelet 

accumulation, and each spike represents a platelet-containing thrombus as it formed in or 

flowed through the vessel being monitored. The fluorescence was not fully returned to near 

baseline due to repeated emboli formation (Figure 5A right). The increase of platelet 

fluorescent intensity in WT mice was less robust and spiky and the fluorescence was quickly 

returned to near baseline (5A left). Furthermore, thrombus formation and emboli formation 

were markedly enhanced in ADAMTS13–/– mice (Figure 5B), and the time required for 

thrombus resolution was significantly prolonged when compared to WT mice (Figure 5C). 

(The thrombus resolution time: WT control=6.5 ± 0.6 min and ADAMTS13−/− control =9.90 

± 0.99 min, P<0.05; the numbers of large thrombi (>20 μm in diameter) in WT control =8.9 

± 1.3; ADAMTS13−/− control mice=20.3 ± 1.9; P<0.001).
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The prophylactic treatment with BAX930 in ADAMTS13−/− mice (Figure 4 and 5 and 

movie 7 in the supplement) resulted in a significant reduction in thrombus formation and 

emboli formation as compared to untreated controls (The thrombus resolution time=3.75 

± 0.82 min, P<0.001; the numbers of large thrombi =3.9 ± 1.1, P<0.001 when compared to 

untreated ADAMTS13−/− control mice respectively;). Therapeutic treatment with BAX930 

in ADAMTS13−/− mice 2 minutes (Figure 4 and 5 and movie 8 in the supplement) after the 

onset of thrombosis effectively dampened the thrombotic response and significantly 

shortened the thrombus resolution time (The thrombus resolution =4.2 ± 0.8 min, P<0.001 

when compared to untreated ADAMTS13−/− mice;) Similarly, the fact that prophylactic 

treatment with BAX930 in WT mice (Figure 4C and 5) was shown to be effective suggests 

that increasing ADAMTS13 levels in the plasma can accelerate resolution of ULVWF-

platelet thrombi (The thrombus resolution time: BAX930 pretreated WT=3.9 ± 1.1 min, 

P<0.01; BAX930 post treated WT =6.0 ± 2.2 min; P>0.05 when compared to untreated WT 

mice respectively). Lastly, Platelets in mesenteric microvascular thrombi were mostly 

negative for platelet surface P-selectin expression, and no fibrin was detected, similar to our 

observation of cerebral microvascular thrombosis induced by rVWF in the current mouse 

model of cerebral TTP (Figure 6A and B).

Discussion

Neurological complications associated with microvascular thrombosis in the brain are the 

most common cause of death in TTP patients.42 Clinical manifestations of TTP, especially in 

the brain, can range from headache or confusion to transient neurological deficit or coma as 

a result of ischemic stroke. Despite the dramatic response to plasma infusion or plasma 

exchange therapy in the acute onset of TTP, relapses remain common after the remission. 

Thus, understanding the underlying pathophysiology and determining therapeutic efficacy of 

emerging novel therapeutics on microvascular thrombosis in the brain in TTP are highly 

warranted.

In this study, we used the well-established rVWF-induced mouse model of TTP to determine 

the onset and composition of microvascular thrombi in the brain in vivo using a cranial 

window under intravital microscopy. We have demonstrated that acutely increasing the 

plasma concentration of VWF through rVWF transfusion results in the formation of 

microvascular thrombi in the brains of ADAMTS13−/− mice, and the kinetics of thrombosis 

and development of TTP-like symptoms are consistent with those reported for mouse 

models of TTP.11, 14, 26 Further, we show that, unlike injury-induced thrombosis, platelet 

activation is not required for and fibrin formation is not involved in the onset of micro-

thrombosis in mouse models of TTP triggered by rVWF. However, it is possible that platelet 

activation may be involved in later stages of TTP development in the presence of vascular 

injury in ischemic conditions. Thrombi in mouse models of TTP are structurally loose, 

unstable, and frequently embolize, which may explain the difficulty of finding thrombi, 

especially in the brain, in histopathologic studies in mice. While the mouse model of TTP 

resembles human TTP in many ways, the onset of microvascular thrombosis in vivo remains 

intriguing, as the portion of ULVWF multimers in rVWF is limited in addition to absence of 

endothelial activation in this model.11, 43 Our study results from in vivo also demonstrated 

that, in the absence of ADAMTS13, soluble VWF, at high concentration, self-associates 
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with endothelial cells to provide a surface for platelet adhesion and initiates microvascular 

thrombosis under shear. The enhanced VWF self-association may likely be an important 

contributing factor for the increased platelet adhesion on VWF fibers and development of 

microvascular thrombosis in ADAMTS13−/− mice. The mechanism by which circulating 

plasma VWF is able to bind to resting endothelial surfaces and self-associate to provide an 

adhesive surface for platelet string formation under the shear stress is compelling. One 

potential explanation might be that, in the absence of ADAMTS13, a portion of ULVWF 

may be exposed and may persist on the endothelial surface, allowing soluble VWF to self-

associate and provide a surface for platelet adhesion. Alternatively, endothelial cells have 

receptors that bind soluble VWF, and elevated concentrations of circulating VWF may allow 

for significant self-association. Further understanding the interaction between soluble VWF 

and endothelial cells and the dynamic self-association of VWF may have physiological 

significance in the onset and development of thrombosis, especially in relapse of TTP.

Importantly, our study results support that prophylactic and therapeutic treatment with 

BAX930 effectively reduces thrombosis and dissolves thrombi in vivo. To our knowledge, 

this is the first preclinical study focusing on brain microvascular thrombosis in TTP, and the 

first direct in vivo assessment of the efficacy of BAX930 treatment on thrombus formation 

and resolution. A potential limitation of the current study is that the study is limited to 

congenital mouse models of TTP, and future studies should assess whether BAX930 is 

effective in the presence of anti-ADAMTS13 antibodies such as those present in acquired 

TTP. While pial and cerebral microvessels appear to have many morphophysiolgical 

common properties, pial microvessels lack the ensheathment of astrocytes and the blood 

brain barrier properties that are characteristic of cerebral microvessels. Thus, our observation 

made in pial microvessels may not fully reflect cerebral microvascular thrombosis in TTP. 

Lastly, Study mice are not littermates. ADAMTS13−/− mice were bred in an animal facility 

at the University of Michigan and C57BL/6 mice were purchased from the Jackson 

Laboratory. Although ADAMTS13−/− mice were backcrossed to C57BL/6 for > 10 

generations, it is possible that some background difference may still exist between these two 

mouse strains.

In summary, our study results in two complementary in vivo models which, when taken 

together, recapitulate the underlying pathology of cerebral microvascular thrombosis in TTP 

patients. We demonstrated that in the absence of ADAMTS13 activity, elevated levels of 

soluble VWF may lead to the onset of microvascular thrombosis via platelet accumulation 

onto VWF self-associated on vessel wall endothelium under shear conditions. Hence, the 

data presented here strongly indicate that rADAMTS13 administration may be an effective 

interventional therapy for microvascular thrombosis, the hallmark pathology in TTP.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations and Acronyms

TTP
thrombotic thrombocytopenic purpura

ADAMTS13
a disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13

VWF
von Willebrand factor

ULVWF
ultra-large von Willebrand factor

rVWF
recombinant von Willebrand factor

GPIbα
platelet surface receptor glycoprotein Ibα

rADAMTS13
recombinant ADAMTS13 protein

BAX930
recombinant ADAMTS13 from Shire (previously Baxalta)

glycoprotein IIb/IIIa
platelet surface receptor IIb/IIIa, also known as integrin αIIbβ3
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Highlights:

• Microvascular thrombosis in the brain is the hallmark pathology of TTP.

• At high levels, VWF self-association initiates cerebral microvascular 

thrombosis in the absence of ADAMTS13.

• Platelet activation and fibrin formation are not required for cerebral 

microvascular thrombosis in vivo

• Administration of rADAMTS13 effectively resolves microvascular 

thrombosis in the brain.
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Figure 1. Initiation and development of VWF-triggered microvascular thrombosis in the brain in 
mouse model TTP.
A: Formation of microvascular thrombosis induced by rVWF: ADAMTS13−/− mice were 

intravenously injected with vehicle control or rVWF (2000 U/kg) and pial microvasculature 

in the brains was monitored in real-time via a cranial window under intravital microscopy 

for 60 minutes. Platelets were fluorescently labelled as green and pial microvessels in the 

brain are shown in dark. Transfusion of high dose of VWF in ADAMTS13−/− resulted in 

platelet adhesion, initiated thrombus formation and caused vessel occlusion in pial 

microvasculature in the brain under the shear condition. Thrombi formation (shown in bright 
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green) in pail microvasculature in ADAMTS13−/− mice following the rVWF challenge are 

indicated by arrows. Still images were taken at the indicated times shown above after the 

infusion of rVWF in ADAMTS13−/− mice. B: VWF self-association on vascular wall 

endothelium surface and platelet P-selectin expression: Upper panel: Shortly after rVWF 

infusion into ADAMTS13−/− mice, soluble VWF in plasma bound to vascular wall 

endothelium surface and self-associated under shear to trigger platelet adhesion and 

thrombosis. Fluorescently-labeled platelets adhered onto the endothelial bound VWF fibers 

and formed long platelet strings (upper panel, indicated by arrow) that led to microvascular 

thrombosis (lower panel, indicated by arrow) under shear in pial microvasculature in the 

brains of ADAMTS13−/− mice detected with higher objective (25X) under multi-channel 

intravital microscopy. The majority of adhered platelets and platelets within the growing 

thrombi were negative for P-selectin expression on their surface except for a few single 

platelets shown positive for P-selectin detected by anti-mouse CD62P antibody in vivo. C: 

Detection of fibrin formation in microthrombi in the brain: unlike injury-induced 

thrombosis, fibrin formation was not detected in rVWF-triggered microvascular thrombosis 

in pial microvessels in the brain. Fibrin formation within platelet thrombi in pial 

microvasculature in three different ADAMTS13−/− mice was examined in vivo using 

fluorescently labeled anti-mouse fibrin antibody, and no fibrin formation was detected 

within thrombi (n= 5) in the period of 60 min recording. D: Platelet adhesion and 

thrombosis was not detected in the brain microvessels in wild type (WT) mice after rVWF 

(2000 U/kg) challenge (upper panel). Bolus injection of rVWF resulted in an immediate 

presence of circulating platelet micro aggregates in pial microvasculature (lower panel) 

detected with higher objective (25X) but quickly cleared from blood circulation in less than 

a minute. rVWF challenge in WT mice did not result in VWF fibrillar and platelet string 

formation on endothelial surface on vessel wall in vivo. E: Quantitative analysis of pial 

microvascular thrombi larger than 10 μm in diameter following the vehicle control or rVWF 

challenge in ADAMTS13−/− and WT mice.
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Figure 2. Exogenous recombinant VWF bind to the endothelial surface of pial microvascular 
wall and VWF self-associate to trigger platelet adhesion and thrombosis.
Alexa Fluor 488-conjugated rVWF (Green) were intravenously injected to ADAMTS13−/− 

mice and monitored in real-time by intravital microscopy for endothelial interaction, platelet 

adhesion and thrombosis in pial microvascular circulation. Platelets in ADAMTS13−/− mice 

were fluorescently labeled using a DyLight 649-conjugated GP1bβ antibody (Red). A: 
Fluorescently labeled rVWF bound to vascular wall endothelium surface, self-associated to 

form ULVWF fibers (left panel, indicated by arrows). Adhered platelets on endothelial-

bound ULVWF are shown in red (middle panel, indicated by arrows). Adhered platelets on 

ULVWF are shown as platelet string in overlaid image. (right panel indicated by arrows). B: 
VWF fibers along the vessel wall within microvascular thrombosis detected with higher 

objective (25X) under multi-channel intravital microscopy.
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Figure 3. Recombinant ADAMTS13 treatment effectively resolves pre-existing and growing 
microvascular thrombi in the brain in a mouse model of TTP.
A: Representative images of microvascular thrombosis formed in the brain of 3 different 

ADAMTS13−/− mice following the transfusion of rVWF and the effect of BAX930 

treatment. Pial microvasculature in the brain in ADAMTS13−/− mice is shown in dark and 

formed thrombi are shown in bright green. Thrombus formation in pial microvessels prior to 

BAX930 treatment are shown on the left and effect of rADAMTS13 treatment on 

thrombosis are shown on the right. Thrombi were observed for up to 60 minutes under the 

cranial window intravital microscopy. Upper panel: Thrombus formation in the pial venule 
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was monitored from onset until it reached more than 70% occlusion, at which point an 

immediate tail vein injection of BAX930 was given. Thrombus growth was immediately 

attenuated, and the thrombi resolved. Lower panel arteriole 1: Thrombus formation was 

captured occluding the pial arteriole at the bifurcation. The thrombus was visibly loose, 

forming small emboli but consistently growing for the next 20 min before BAX930 

treatment. BAX930 treatment resolved the embolic thrombi, improved the blood flow, and 

decreased the size of the thrombi over time. Arteriole 2: Vessel occlusion by thrombus in 

pial arteriole was captured in ADAMTS13−/− mice pretreated with the vehicle control. 

BAX930 treatment was initiated after vessel occlusion to observe the resolution of the 

thrombus. The thrombus was resolved, and blood flow was partially restored by BAX930 

treatment. Pial microvasculature in the brain in ADAMTS13−/− mice is shown in dark and 

time elapsed since the VWF infusion is indicated. B: Quantitative analysis of the effect of 

BAX930 treatment on vessel occlusion. Left: comparison of percentage of vessel (<10 μm in 

diameter) occlusion by thrombi pre and post BAX930 treatment. (P< 0.001 n= 5;) Right: 

comparison of percentage of vessel (>10 μm in diameter) occlusion by thrombi pre and post 

BAX930 treatment. (P< 0.001 n= 13;) C: Prophylactic treatment with BAX930 protected 

ADAMTS13−/− mice from microvascular thrombosis in the brain following the VWF 

challenge. Times after rVWF challenge in ADAMTS13−/− mice is indicated above. 5 mice 

in each group were studied.
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Figure 4. Recombinant ADAMTS13 (a disintegrin and metalloproteinase with a thrombospondin 
type 1 motif, member 13) treatment attenuates platelet accumulation on newly released 
endothelial-bound ULVWF (ultra-large von Willebrand factor) in vivo.
Mesenteric venules of ADAMTS13−/− mice were topically treated with calcium ionophore 

to release ULVWF from the endothelium of vessel wall and platelet adhesion and 

accumulation on endothelial-bound ULVWF was monitored in real-time under intravital 

microscopy. Florescent platelets are shown in green and sequential images taken at the 

indicated times after the application of calcium ionophore are aligned. A: Representative 

sequential images of VWF mediated platelet adhesion and thrombosis in WT (upper panel) 

and ADAMTS13−/− mice (lower panel). Ionophore-provoked thrombosis was enhanced and 

prolonged in ADAMTS13 deficiency. B: Representative sequential images of ionophore-

provoked thrombosis in ADAMTS13−/− mice treated with vehicle control or BAX930 

treatment. Upper panel: ADAMTS13−/− mice pretreated with vehicle control; Middle panel: 

ADAMTS13−/− mice pretreated with BAX930 10 min prior to calcium ionophore 

application; Lower panel: ADAMTS13−/− mice treated with BAX930 2 min after the onset 

of thrombosis following the calcium ionophore application. Prophylactic and therapeutic 
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BAX930 treatment in ADAMTS13−/− mice effectively prevented and immediately resolved 

the growing thrombi in mesenteric venules. C: Representative sequential images of 

ionophore-provoked thrombosis in WT mice treated with vehicle control or BAX930 

treatment. Upper panel: WT mice pretreated with vehicle control; Middle panel: WT mice 

pretreated with BAX930 10 min prior to calcium ionophore application; Lower panel: WT 

mice treated with BAX930 2 min after the onset of thrombosis following the calcium 

ionophore application. Prophylactic BAX930 treatment in WT effectively inhibited 

thrombosis in response to calcium ionophore. Therapeutic BAX930 treatment in WT mice 

immediately resolved the growing thrombi in mesenteric venules. 8 mice were examined in 

each group.
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Figure 5. Quantitative analysis of platelet accumulation and emboli formation in ionophore-
provoked ULVWF-mediated mesenteric microvascular thrombosis model:
A: Representative traces of dynamics of platelet accumulation quantified by platelet 

fluorescent intensity over time in vehicle treated control ADAMTS13−/− mice (Left) and WT 

mice (Right) are shown in black color. Topical application of calcium ionophore on the 

mesenteric venules resulted in a sharp increase in platelet mean fluorescence intensity (MFI) 

as a result of platelet thrombus formation followed by drop in platelet MFI by many spikes 

representing embolization of thrombi in the vessel segment being monitored until ultimately 

returning to baseline level. The peak platelet MFI in ADAMTS13−/− mice was significantly 

higher than that of WT mice (P<0.05) due to enhanced thrombotic response in ADAMTS13 

deficiency. Fluctuation in platelet MFI was more notable in ADAMTS13−/− mice (as 

compared to WT mice) due to larger size and prolonged emboli formation. Prophylactic 

BAX930 treatment in both ADAMTS13−/− mice and WT mice (shown in red) effectively 

prevented platelet adhesion and formation of platelet thrombi (ADAMTS13−/− P<0.001, WT 

P<0.01). Therapeutic administration of BAX930 in both ADAMTS13−/− mice and WT 
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(shown in green) at 2 min after the onset of thrombosis induced by ionophore application 

acutely attenuated thrombus formation and accelerated thrombus resolution. B: 
Quantification of emboli formation. Number of large emboli (>20 μm in diameter) formed in 

mesenteric venules of ADAMTS13−/− (column 1 to 3) or WT mice (column 4 to 6) that 

untreated or pretreated with vehicle control (black: ADAMTS13−/−, grey: WT) or pretreated 

with BAX930 (shown in red) in response to calcium ionophore treatment. Significantly more 

emboli were formed in ADAMTS13−/− mice when compared to WT. Prophylactic BAX930 

treatment effectively inhibited thrombus formation in both ADAMTS13−/− and WT mice. C. 

Thrombus resolution time. Time required for the platelet the fluorescence returning to near 

baseline following the topical application in ADAMTS13−/− (column 1 to 4) or WT mice 

(column 5 to 8) that untreated or pretreated with vehicle control (black: ADAMTS13−/−, 

grey: WT) or pretreated with BAX930 (shown in red) or BAX930 post treatment (green). 

Time for thrombus resolution was significantly longer in ADAMTS13−/− mice when 

compared to WT. Thrombus resolution time was significantly shorter in both pre and post 

BAX930 treated ADAMTS13−/− mice. Thrombus resolution time in WT was significantly 

shortened by prophylactic BAX930 treatment.
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Figure 6: Platelet surface P-selectin expression and fibrin formation in ionophore-provoked 
microvascular thrombosis model.
A: Platelets in ADAMTS13−/− were fluorescently labelled as green and platelet surface P-

selectin was detected by anti-P-selectin antibody (red) in vivo. P-selectin expression was not 

detected on the majority of platelets within thrombi except for the few platelets shown to be 

positive for P-selectin (indicated by arrows). B: Fibrin formation in thrombi: Fibrin 

formation was not detected in ionophore-provoked ULVWF-mediated microvascular 

thrombosis in mesenteric microvascular thrombosis in ADAMTS13−/− mice (n=3). Positive 

images of P-selectin and fibrin formation were confirmed by laser injury induced thrombosis 

in the same mice (shown in the supplementary).
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