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Abstract
Background. The prognosis of patients with brain metastases (BM) is poor despite advances in our understanding 
of the underlying pathophysiology. The high incidence of thrombotic complications defines tumor progression and 
the high mortality rate. We, therefore, postulated that von Willebrand factor (VWF) promotes BM via its ability to 
induce platelet aggregation and thrombosis.
Methods. We measured the abundance of VWF in the blood and intravascular platelet aggregates of patients with 
BM, and determined the specific contribution of endothelial and platelet-derived VWF using in vitro models and 
microfluidics. The relevance for the brain metastatic cascade in vivo was demonstrated in ret transgenic mice, 
which spontaneously develop BM, and by the intracardiac injection of melanoma cells.
Results. Higher levels of plasma VWF in patients with BM were associated with enhanced intraluminal VWF fiber 
formation and platelet aggregation in the metastatic tissue and peritumoral regions. Platelet activation triggered 
the formation of VWF multimers, promoting platelet aggregation and activation, in turn enhancing tumor invasive-
ness. The absence of VWF in platelets, or the blocking of platelet activation, abolished platelet aggregation, and 
reduced tumor cell transmigration. Anticoagulation and platelet inhibition consistently reduced the number of BM 
in preclinical animal models.
Conclusions. Our data indicate that platelet-derived VWF is involved in cerebral clot formation and in metastatic 
growth of melanoma in the brain. Targeting platelet activation with low-molecular-weight heparins represents a 
promising therapeutic approach to prevent melanoma BM.

Involvement of platelet-derived VWF in metastatic 
growth of melanoma in the brain
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Key Points

 • VWF secretion is associated with BM.

 • VWF promotes platelet aggregation and BM.

 • Anticoagulation with LMWHs might represent a novel target to reduce the 
occurrence of BM.

The incidence of brain metastases (BM) continues to 
increase despite the availability of improved treatment op-
tions for cancer patients.1 Among solid tumors, the highest 
frequency of BM occurs in malignant melanoma, with up to 
50% of all patients affected.2 Severe neurological symptoms 
are associated with a strong negative effect on quality of 
life. BM requires tumor cells to cross the blood-brain bar-
rier (BBB), a tight structural barrier consisting of endothe-
lial cells (ECs), pericytes, and astrocytic endfeet, which limits 
the passage of compounds and maintains brain homeo-
stasis.2 A  major challenge hindering the development of 
effective therapies is our limited understanding of the mo-
lecular interactions between tumor cells and the BBB within 
the brain metastatic cascade.3

Cancer-associated thrombosis (CAT) is a common com-
plication in patients with malignancies and the risk is par-
ticularly high in melanoma patients with BM.4 Furthermore, 
the incidence of stroke is usually associated with occult 
and manifested cancer, and negatively correlates with the 
patient’s prognosis and outcome.5 Several candidates that 
may promote CAT and metastasis have been identified 
recently, including von Willebrand factor (VWF), a glyco-
protein involved in hemostasis.6,7 VWF is stored in plate-
lets and ECs, and its secretion into the plasma is triggered 
by multiple stimuli.8 Importantly, VWF levels increase in 
the plasma of melanoma patients, associated with lu-
minal VWF network formation and thrombotic vessel oc-
clusions in tumor specimens.9 Preclinical data based on 
a mouse model characterized by long-lasting VWF fibers 
due to a missing VWF degrading enzyme “a disintegrin 
and metalloprotease with a thrombospondin type 1 
motif, member 13” (ADAMTS13), revealed abnormal in-
travascular platelet accumulation leading to lung metas-
tases.10 Notably, the observation that a local primary skin 

melanoma promotes luminal VWF fibers and platelet ag-
gregation in distant organs such as the liver, lung, and 
brain may indicate that VWF is a trigger for CAT and BM.10 
Accordingly, we recently used in vivo imaging to demon-
strate that intravascular clots and VWF deposition promote 
tumor cell arrest and extravasation in a mouse model, 
which could be blocked by the antibody-mediated inhibi-
tion of VWF.11 However, the precise mechanisms of VWF 
deposition and platelet activation, and their relevance in 
the context of human disease, remain unknown.

Here we investigated mechanisms by which VWF influ-
ences vessel occlusions within brain capillaries and BM 
in mice and humans. The contribution of VWF to the path-
ogenesis of BM was determined using human blood and 
brain metastatic tissue samples, and the molecular mech-
anisms were investigated in vitro using microfluidics, and 
in mouse models of melanoma BM.

Methods

See also Supplementary Methods.

Patient Materials

We analyzed tissue from seven BM along with the 
perimetastatic regions in the resection margin, defined by 
experienced pathologists as the brain tissue surrounding 
the macroscopic metastases but separated from them by 
1–2 mm. VWF concentrations and ADAMTS13 activity was 
measured in citrated plasma9 from 38 metastatic melanoma 
patients (14 with BM) at Universitätsklinikum Eppendorf, 
Hamburg, Germany. All patients provided informed consent, 

Importance of the Study

Brain metastases (BM) are associated with 
a high incidence of thrombotic complica-
tions, which define tumor progression and 
the high mortality rate. Cancer patients with 
BM thus belong to the highest risk group for 
the development of venous thrombosis, sug-
gesting that coagulation drives tumor cell dis-
semination and brain colonization. Our study 
shows that von Willebrand factor promotes 
microthrombus formation and enhances BM 

formation. Importantly, low-molecular-weight 
heparins with dual functions on coagulation 
and on factors secreted by activated plate-
lets, such as VEGF-A, significantly reduce the 
number of thrombotic vessel occlusions and 
BM. We have identified key mechanisms un-
derlying the pathogenesis of BM, and propose 
platelet inhibition with low-molecular-weight 
heparins as a promising pharmacological 
intervention.

which was approved by the ethical commissions of the 
Hamburger Ärztekammer (PV3779, PV5392). As inclusion cri-
teria, subjects were required to be at least 18 years old with 
a confirmed diagnosis of stage IV melanoma, no specific 
melanoma therapy during the previous 4 weeks, and at least 
6 months of clinical follow-up. We also included 11 control 
patients with semi-malignant basal cell carcinoma (BCC).

Animal Experiments

All animal procedures were approved by the governmental 
animal care authorities (Regierungspräsidium Karlsruhe). 
The ret transgenic mice12 were treated with 0.6 IU/g 
tinzaparin (Innohep; Leo Pharma, Germany) subcutane-
ously as previously described.9 For intracardiac tumor cell 
injections, 5 × 105 A2058 cells in 100 µL phosphate-buffered 
saline were introduced into male Naval Medical Research 
Institute (NMRI)-nu mice at 8–12 weeks of age (Charles 
River) as previously described.13

Immunohistochemistry

We prepared 10-μm coronal cryosections and stained 
those spaced at least 130 μm apart to avoid the exten-
sive overlap of metastases in serial sections. BM were 
quantified by hematoxylin and eosin (H&E) staining. 
Bright-field images were acquired using an Axio Scan. 
Z1 slide scanner (Carl Zeiss) fitted with a 20×/0.8 Plan-
Apochromat objective (Carl Zeiss) and an HV-F202SCL 
camera (Hitachi, Japan), or with a digital microscope 
and M8 scanner (PreciPoint).

Immunofluorescence Analysis

Immunostaining was performed using the following 
primary antibodies: rabbit anti-human VWF (1:150; 
Dako), mouse anti-Human TSP (1:75, Laboratory Vision/ 
Neomarkers) rat anti-mouse CD31 (1:50; BD Biosciences), 
rat anti-mouse GPIbα/CD42 (1:100; EMFRET Analytics), 
mouse anti-human CD31 (1:50; Dako), and rabbit anti-
mouse vascular endothelial growth factor-A (VEGF-A) 
(1:150; Santa Cruz). Following secondary antibodies were 
used: fluorescein isothiocyanate  (FITC)-conjugated goat 
anti-rabbit IgG (1:200; BD Pharmingen), Alexa 555-con-
jugated goat anti-rat IgG (1:200; Invitrogen). Nuclei were 
counterstained with DAPI (1:1000). Fluorescence images 
were acquired with a Zeiss Axiovert 200 microscope and 
were analyzed using AxioVision v4.8 (Zeiss) and ImageJ 
v1.47c.

ELISA

VWF secretion was quantified by ELISA as previ-
ously described.10 Briefly, ECs were stimulated with 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES) buffered Ringer’s solution, Thrombin (0.5 IU/mL), 
Trap-6 (10 or 50 µM), VEGF-A (2.5 ng/mL), collagen I (50 µg/
mL), melanoma-derived supernatant alone or combined 
with tinzaparin (100 IU/mL), fondaparinux (50 µg/mL), or 
bevacizumab (0.65 mg/mL).
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which was approved by the ethical commissions of the 
Hamburger Ärztekammer (PV3779, PV5392). As inclusion cri-
teria, subjects were required to be at least 18 years old with 
a confirmed diagnosis of stage IV melanoma, no specific 
melanoma therapy during the previous 4 weeks, and at least 
6 months of clinical follow-up. We also included 11 control 
patients with semi-malignant basal cell carcinoma (BCC).

Animal Experiments

All animal procedures were approved by the governmental 
animal care authorities (Regierungspräsidium Karlsruhe). 
The ret transgenic mice12 were treated with 0.6 IU/g 
tinzaparin (Innohep; Leo Pharma, Germany) subcutane-
ously as previously described.9 For intracardiac tumor cell 
injections, 5 × 105 A2058 cells in 100 µL phosphate-buffered 
saline were introduced into male Naval Medical Research 
Institute (NMRI)-nu mice at 8–12 weeks of age (Charles 
River) as previously described.13

Immunohistochemistry

We prepared 10-μm coronal cryosections and stained 
those spaced at least 130 μm apart to avoid the exten-
sive overlap of metastases in serial sections. BM were 
quantified by hematoxylin and eosin (H&E) staining. 
Bright-field images were acquired using an Axio Scan. 
Z1 slide scanner (Carl Zeiss) fitted with a 20×/0.8 Plan-
Apochromat objective (Carl Zeiss) and an HV-F202SCL 
camera (Hitachi, Japan), or with a digital microscope 
and M8 scanner (PreciPoint).

Immunofluorescence Analysis

Immunostaining was performed using the following 
primary antibodies: rabbit anti-human VWF (1:150; 
Dako), mouse anti-Human TSP (1:75, Laboratory Vision/ 
Neomarkers) rat anti-mouse CD31 (1:50; BD Biosciences), 
rat anti-mouse GPIbα/CD42 (1:100; EMFRET Analytics), 
mouse anti-human CD31 (1:50; Dako), and rabbit anti-
mouse vascular endothelial growth factor-A (VEGF-A) 
(1:150; Santa Cruz). Following secondary antibodies were 
used: fluorescein isothiocyanate  (FITC)-conjugated goat 
anti-rabbit IgG (1:200; BD Pharmingen), Alexa 555-con-
jugated goat anti-rat IgG (1:200; Invitrogen). Nuclei were 
counterstained with DAPI (1:1000). Fluorescence images 
were acquired with a Zeiss Axiovert 200 microscope and 
were analyzed using AxioVision v4.8 (Zeiss) and ImageJ 
v1.47c.

ELISA

VWF secretion was quantified by ELISA as previ-
ously described.10 Briefly, ECs were stimulated with 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES) buffered Ringer’s solution, Thrombin (0.5 IU/mL), 
Trap-6 (10 or 50 µM), VEGF-A (2.5 ng/mL), collagen I (50 µg/
mL), melanoma-derived supernatant alone or combined 
with tinzaparin (100 IU/mL), fondaparinux (50 µg/mL), or 
bevacizumab (0.65 mg/mL).

In situ Fibrinogen Binding

Coronal brain cryosections (10  µm) were incubated with 
20 µg/mL Alexa 488-conjugated fibrinogen (Thermo Fisher 
Scientific) for 2  h before fixing in 4% paraformaldehyde. 
Platelets were stained using rat anti-mouse GPIbα (1:100) 
and Alexa 555-conjugated goat anti-rat IgG. Nuclei were 
counterstained with DAPI (1:1000).

Microfluidics

We cultured bEnd3 cells on a μ-Slide I0.2 Luer IBIDI-slide (IBIDI) 
and perfused them at 2.5 dyne/cm² with isolated platelets and 
a hematocrit of 25% in HEPES-buffered saline using the IBIDI 
system as previously described.14 Platelets from wild-type 
(Wt) and VWF−/− mice were labeled using Celltrace Orange AM 
(1:1000; Invitrogen). ECs were first stimulated with 100  μM 
histamine. We then activated the platelets by adding 50 µg/mL 
collagen type I and simultaneously added a FITC-conjugated 
anti-mouse VWF antibody (1:100; GeneTex).

Light Transmission Aggregometry

Platelet suspensions were recalcified using 1 mM CaCl2 before 
adding 50 µg/mL collagen type I and preincubating for 30 min 
with tinzaparin (100 IU/mL) or fondaparinux (50  µg/mL). 
The suspensions were then analyzed by light transmission 
aggregometry (LTA) using a Model 700 device (Chrono-log).

Platelet Releasates

Platelets were exposed to collagen type I  (50  µg/mL) for 
15 min. Then, prostaglandin-E1 (1:1000) was added to stop 
the reaction. The releasate was collected by centrifuga-
tion (1200 g, 15 min RT). To test the effect of anticoagulant 
drugs on platelet releasate, platelets were preincubated 
with tinzaparin (100 IU/mL), fondaparinux (50  µg/mL), or 
bevacizumab (0.65 mg/mL) 30 min before activation. The 
Quantikine ELISA kit (R&D Systems) was used to quantify 
VEGF-A in platelet releasates.

Transmigration Assay

Human brain microvascular endothelial cells (HBMECs) were 
cultured on cell culture inserts with 8-µm pores (Millipore) 
coated in gelatin (Sigma-Aldrich). The inserts were transferred 
to 24-well plates and incubated at 37°C in a 5% CO2 atmos-
phere until they reached confluency. We then added 2 × 104 
Ret melanoma cells labeled with Celltrace Orange AM (1:1000) 
and 200 µl of human platelet releasate with or without addi-
tives. Melanoma cells were supplemented with releasate 
of resting platelets and activated platelets with or without 
tinzaparin (100 IU/mL) or bevacizumab (0.65 mg/mL). Tumor 
cell transmigration was counted 24 h later.

Statistical Analysis

Data are presented as means ± standard deviations calcu-
lated using GraphPad Prism v8.1.0 (GraphPad Software). 
A  two-tailed Student’s t-test was used to compare two 
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groups, and two-way ANOVA with Bonferroni correction 
was used to compare multiple groups. An F-test was used 
to analyze differences between linear results. Differences 
were considered statistically significant at *P < .05 and 
**P < .01.

Results

von Willebrand Factor Fibers Promote Platelet 
Clustering in Human Brain Metastases

To investigate the potential role of VWF in BM, we evalu-
ated VWF in the intra- and perimetastatic regions of human 
brains by immunofluorescence microscopy (Figure 1A–D). 
Intraluminal VWF fibers were observed in all BM (Figure 
1A and B) and in the corresponding perimetastatic regions 
(Figure 1C and D). When stretched, VWF fibers bind to cir-
culating platelets.6 Accordingly, all specimens were posi-
tive for intravascular platelet-rich thrombi (Figure 1A–D). To 
determine whether the formation of VWF fibers in BM is 
associated with higher plasmatic VWF and/or slower deg-
radation, we measured VWF and ADAMTS13 activity in 
the peripheral blood of 38 malignant melanoma patients 
with advanced metastatic disease (including 14 patients 
with BM) and 11 controls with non-metastatic BCC. The 
serum VWF levels were significantly higher in patients with 
metastatic melanoma compared to BCC controls (Figure 
1E). This correlated with a significant 20% reduction in 
ADAMTS13 activity (Figure 1F). Importantly, serum VWF 
levels were even higher in patients with diagnosed BM 
(Figure 1G) without further changes in ADAMTS13 activity 
(Figure 1H).

Cerebral Endothelial Cells Express Low Levels of 
von Willebrand Factor

VWF secreted by activated ECs promotes vessel occlu-
sions,6,8 but most in vitro data are based on primary 
macrovascular ECs of veins (HUVECs). Given that the 
amount of VWF produced by ECs varies according to the 
tissue of origin,15 we focused on the microvascular endo-
thelium of the brain. We compared the abundance of VWF 
in primary HBMECs and HUVECs by immunofluorescence 
microscopy. The transmembrane EC marker CD31 was dis-
tributed similarly in both cases and restricted to cell–cell 
contacts, but we observed the typical punctate distribu-
tion of VWF in the cytoplasm (Figure 2). However, whereas 
VWF was detected in most of the HUVECs (76.80 ± 19.55%), 
it was detected in only 26 ± 3.12% of the HBMECs (Figure 
2A–C). Furthermore, the HBMECs accumulated significantly 
lower quantities of VWF (Figure 2B and D). This was also ob-
served in murine microvascular brain ECs, represented by 
the bEND3 cell line (Supplementary Figure 1). We also ana-
lyzed the in vivo distribution of VWF in Wt mouse brains. 
Different groups of blood vessels were defined by their di-
ameter: (a) < 10 µm, (b) 10–50 µm, and (c) > 50 µm (Figure 2E 
and F). Vessels with a small diameter (< 10 µm) contained 
significantly lower levels of VWF than wider blood vessels 
(Figure 2F).

Low von Willebrand Factor Secretion in Cerebral 
Endothelial Cells

Tumor cell-derived thrombin generation and VEGF-A can 
induce the activation of HUVECs and VWF secretion.9 To de-
termine whether the same mechanisms induce the activa-
tion of the brain microvascular endothelium, HBMECs, and 
bEnd3 cells were stimulated with a melanoma supernatant 
containing VEGF-A. The supernatant induced the formation 
of VWF fibers in all cases (Figure 3A–D, Supplementary 
Figure 1) and VWF secretion increased approximately 
2.5-fold in HUVECs (Figure 3E). Melanoma cells can ac-
tivate ECs directly via interaction or by secreted factors 
(Supplementary Figure 2). To determine the mechanisms of 
tumor cell-mediated EC activation, HUVECs, HBMECs, and 
bEnd3 were used. Melanoma cell supernatant and VEGF-A 
induced VWF release from HUVECs, HBMECs, and bEnd3, 
whereas VEGF-A inhibition with bevacizumab blocked VWF 
secretion in all cells (Figure 3E, Supplementary Figure 
2). Likewise, HUVECs secreted similar levels of VWF fol-
lowing PAR-1 activation with thrombin or Trap-6 (Figure 3E, 
Supplementary Figure 2). By contrast, thrombin and Trap-6 
failed to activate HBMECs and bEnd3 cells (Figure 3E, 
Supplementary Figure 2). This was supported by qPCR re-
sults (Supplementary Methods) confirming enhanced ex-
pression of VEGF receptor 2 (VEGF-R2) in HBMECs and the 
downregulation of PAR-1 compared to HUVECs (Figure 3F). 
Low VWF levels combined with the inability of thrombin to 
promote VWF secretion supports the tissue-specific regula-
tion of VWF in the brain.

Brain Metastases Are Associated With von 
Willebrand Factor Fibers

We used the ret transgenic mouse model that spontane-
ously develops melanoma with metastases in the lymph 
nodes, lungs, and brain (Figure 4A). The histopathology 
of BM in this model resembles that in human melanoma 
patients.12 Immunohistochemical analysis revealed mac-
roscopic metastatic brain lesions in approximately 30% 
of the mice (Figure 4B). VWF stored in the endothelium 
showed a punctuate distribution in healthy Wt mice, and 
very few VWF fibers were detected in the vessel lumen, 
which is typical for nonactivated ECs (Figure 4C, lower left 
insert). In contrast, VWF networks were visible in the ves-
sels of metastatic brain tissue and perimetastatic regions 
(Figure 4C, right inserts). For quantification, we defined 
four groups of interest: (a) healthy Wt brain, (b) cerebral 
tissue from tumor-bearing mice lacking macroscopically 
detectable BM (Met-Free), (c) peritumoral brain regions 
(Peri-Met), and (d) metastatic brain tissue (Intra-Met). VWF 
fibers were detected in only 22% of the Wt brain vessels, 
compared to 40% in Intra-Met (Figure 4D). Importantly, 
VWF networks increased to the same extent in vessels of 
Peri-Met and even in Met-Free brains (Figure 4D).

To determine the relative contribution of endothelial 
versus platelet-derived VWF, we quantified the fractions of 
VWF stored in the vessel wall and lumen. In healthy skin, 
used as control for quiescent endothelium, the VWF signal 
in the lumen (VWFluminal) was negligible but the VWF signal 
within the vessel wall (VWFendothelial) was strong (Figure 4E 
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and F). In contrast, vessels in primary skin tumors were 
characterized by EC activation, including pronounced lu-
minal VWF networks (VWFluminal) combined with reduced 
VWF levels in the vessel wall (VWFendothelial) confirming 

EC-derived VWF secretion (Figure 4E and F). In healthy Wt 
brains, we detected VWF stored in the vessel wall but no 
luminal VWF fibers, indicating the absence of EC-related 
VWF fiber secretion (Figure 4F). In contrast, we observed 
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an increase in luminal VWF networks (VWFluminal) in the 
vessels of metastatic brain tissues correlating with the 
depletion of VWF stored in the vessel wall (VWFendothelial). 
This reflects the activation of ECs and the secretion of 
VWF into the lumen (Figure 4F). Surprisingly, in Peri-Met 

and Met-Free brains of mice with multiple skin tumors, 
we detected a significant increase in the abundance of 
VWF fibers without marked loss of VWFendothelial (Figure 4F) 
indicating no significant change in VWFendothelial. Therefore, 
VWF secretion by ECs may not be completely responsible 
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for the observed VWF fibers and platelet-derived VWF may 
contribute to luminal VWF network formation.

Platelets Secrete VWF Fibers During the 
Formation of Brain Metastases

Given the abundance of VWF in platelets, we explored 
platelet activation and VWF multimer release in BM. Fibrin 
promotes platelet binding and activation16 so we used 
an in situ fibrinogen binding assay (Figure 5). Platelets in 
Wt brains were characterized by a low fibrinogen-CD42 
colocalization (Figure 5A and B). In contrast, cerebral 
vessels of ret mice exhibited a strong increase of fibrin-
ogen–CD42 colocalization (Figure 5A and B). Unlike the 
discoid-like resting platelets within Wt brains, these ac-
tivated thrombocytes changed to a more spherical form, 
projected pseudopodia and released VWF, which assem-
bled to form long VWF strings on the platelet surface 
(Figure 5C). Accordingly, platelet activation correlated with 
a significant increase in thrombocyte aggregation (Figure 
5D, Supplementary Figure 3). Interestingly, the number 
of platelet aggregates/vessel in Met-free tissue and Intra-
Met vasculature was not different (Figure 5D) suggesting 
that platelet activation and aggregations did not differ 
between ret brains with and without metastases. Next, 
we investigated whether the LMWH tinzaparin could sup-
press platelet activation and aggregation in the cerebral 
microvasculature. We found that prolonged treatment 
with tinzaparin (0.6 IU/g daily for 100  days) abolished 
platelet–fibrinogen colocalization (Figure 5B). This correl-
ated with VWF stored within platelets, fewer secreted VWF 
strings, and with less intravascular thrombocyte aggrega-
tion (Figure 5D). These findings were verified in a second 
mouse model, based on the intracardiac injection of A2058 
melanoma cells (Supplementary Figure 4).

von Willebrand Factor Promotes Microthrombus 
Formation

To unravel the role of VWF in thrombocyte deposition and 
aggregation on an endothelial monolayer, unidirectional 
shear stress was applied using an IBIDI pump. Platelets iso-
lated from Wt and VWF−/− mice were added to the system. 
In the first step, the addition of histamine triggering EC acti-
vation without affecting the thrombocytes (Supplementary 
Figure 5) resulted in the formation of short platelet strings 
on the surface of bEnd3 cells (Figure 5E). Quantification 
revealed no significant differences in the deposition of 
VWF−/− platelets and Wt thrombocytes (Figure 5F). We then 
added collagen type I, which stimulates platelets followed 
by VWF secretion without affecting ECs (Supplementary 
Figure 5). Microaggregation on the luminal surface of ECs 
appeared to be more pronounced in Wt platelets than in 
VWF-/- platelets (Video 1 and Video 2). Quantification re-
vealed a surface coverage of 311.55 ± 121.32 µm2 with Wt 
platelets but only 74.59  ± 42.51  µm2 with VWF-deficient 
thrombocytes (Figure 5F). Finally, LTA showed that VWF−/− 
platelets significantly reduced aggregation by 12.28% 
(Figure 5G) demonstrating that microthrombus formation 
is actively fostered by platelet-derived VWF.

Anticoagulation Attenuates Brain Metastases

Because we hypothesized that platelets contribute 
to BM, we analyzed platelet activation and aggrega-
tion by LTA (Figure 6A) and by measuring VEGF-A in the 
platelet releasate (Figure 6B). Platelet aggregation in-
duced by thrombin and collagen type I  was associated 
with high levels of VEGF-A. In contrast to fondaparinux, 
preincubation of thrombocytes with tinzaparin blocked 
platelet aggregation and reduced VEGF-A secretion (Figure 
6A and B). Fondaparinux exerts its anticoagulant activi-
ties primarily by inhibition of factor Xa. Tinzaparin inhibits 
factor Xa and factor IIa. Therefore, heparins block the ac-
tivation of thrombin, a process that requires plasmatic 
coagulation factors.17 We could previously show that in 
contrast to fondaparinux, tinzaparin has a strong binding 
affinity to VEGF-A. In the absence of coagulation factors, 
tinzaparin blocks platelet aggregation via VEGF-A binding 
and inhibition, whereas fondaparinux lacks the capacity to 
suppress VEGF-A.9 In line, transmigration assays showed 
that the releasates from activated human platelets in-
creased the transmigration of melanoma cells more ef-
fectively than releasates from resting platelets (Figure 6C 
and D). Addition of tinzaparin and the VEGF-A neutralizing 
antibody bevacizumab to prestimulated platelets blocked 
platelet-induced invasion of melanoma cells (Figure 6C and 
D). Furthermore, electric cell-substrate impedance spec-
troscopy (ECIS) revealed that bevacizumab and tinzaparin 
reversed platelet-induced changes of the endothelial integ-
rity (Supplementary Figure 6). Platelets also store trans-
forming growth factor (TGF)-β with a heparin binding 
domain.18 However, TGF-β did not affect tumor cell trans-
migration (Supplementary Figure 7). We next assessed the 
distribution of VEGF-A in ret transgenic mice. Metastatic 
brain tissue (Intra-Met) exhibited strong VEGF-A expres-
sion, but only low levels were detected in healthy Wt and 
perimetastatic (Peri-Met) tissue (Supplementary Figure 
8A and B). Importantly, an increase of luminal VEGF-A and 
platelet coverage in Intra-Met and Peri-Met vessels was 
abolished by tinzaparin treatment (Supplementary Figure 
8C and H).

For an in vivo proof, we injected mice intracardially with 
A2058 melanoma cells. Tinzaparin treatment (0.6 IU/g) was 
started 2 days before the injection and continued daily until 
day 10 (Figure 6E). On day 28, metastatic lesions in the 
brain were analyzed by H&E staining of coronal sections 
(Figure 6F). We found that tinzaparin significantly reduced 
the brain metastatic load (Figure 6G and H). In summary, 
our results show that VWF promotes intracerebral platelet 
aggregation, platelet activation, and BM. Anticoagulation 
with tinzaparin prevents BM and provides novel insights 
into the underlying pathophysiological mechanism that 
may facilitate the development of new therapeutic strat-
egies (Figure 6I).

Discussion

Because the occurrence of BM is a leading cause for a 
very poor prognosis and severe neurological symptoms, 
there is an urgent need for the prevention and treatment 
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of brain metastases. However, an understanding of the 
molecular mechanisms underlying the brain metastatic 
cascade lags far behind that of other aspects of tumor 
progression. Own studies based on an in vivo model 
recently showed that VWF promotes intravascular clot-
ting and tumor cell extravasation into the brain.11 While 
these data provide clear evidence for a role of VWF in the 
brain metastatic cascade, it remains elusive how VWF 
promotes BM.

The aim of this study was to identify the mechanisms 
of VWF-mediated coagulation and its impact on BM. We 
found that VWF fibers secreted by activated platelets may 
be involved in brain metastasis formation. Another crit-
ical step was that platelet-derived VWF in turn provokes 
platelet activation and clotting. Therefore, VWF represents 
a significant mechanism for intracerebral hypercoagulation 
and BM.

The functional relevance of VWF in the brain was dem-
onstrated in a mouse model of allergic encephalomyelitis. 
BBB permeability was increased and the disease out-
come was more severe in VWF-deficient mice compared 
to Wt, suggesting that VWF reduces BBB permeability.19 
In contrast, the analysis of mouse models of hypoxia/
reoxygenation, pilocarpine-induced status epilepticus,20 
ischemic stroke,21–23 and cerebral malaria24 indicate that 
VWF increases the permeability of the BBB. The latter is 
not unexpected in the context of coagulation and inflam-
mation, given the ability of VWF secreted by ECs to recruit 
circulating platelets, and leukocytes.6,25 Moreover, VWF 
secretion from activated ECs promotes thrombotic vessel 
occlusions and metastases.9,10 However, these studies 
missed that VWF is also stored in platelets and the func-
tional differences between the two VWF pools are not 
yet clear.

The role of EC-derived VWF in atherosclerosis was sug-
gested by the inability of platelet-derived VWF to trigger 
atherosclerotic plaque formation in chimeric mice gener-
ated by bone marrow transplantation.26 In a similar mouse 
model, platelet-derived VWF was unable to support arte-
rial thrombus formation following FeCl3-induced carotid 
artery occlusion, and chimeric mice with VWF solely in 
platelets exhibited normal bleeding times.27 Interestingly, 
the same study demonstrated that platelet-derived VWF 
seems to trigger cerebral infarctions in ischemic stroke,27 
which is supported by experiments showing the role of 
platelets in the modulation of cerebral bleeding.28 Indeed, 
the low levels of VWF and the restricted secretion in brain 
ECs may explain the relevance of platelet-derived VWF in 
the central nervous system. Low VWF levels in cerebral 
capillaries may define regulated transport processes, 
whereas the abundant VWF in venules promotes leuko-
cyte transmigration during inflammation.29 Notably, we 
showed that downregulation of the thrombin receptor 

(PAR-1) attenuates thrombin-mediated VWF secretion in 
brain ECs. This may be specific to the brain, because the 
low concentrations of tissue factor pathway inhibitor and 
high levels of thrombin in the brain would support diffuse 
thrombotic complications.30

Supported by clinical observations,7,31 our data indicate 
that the elevation of VWF in melanoma patients with BM 
triggers uncontrolled platelet aggregation, defining the 
high risk for CAT.4 We also observed increased platelet ac-
tivation, indicating that platelet-derived VWF could trigger 
intracerebral thrombosis and metastasis. In line with pre-
vious studies in patients with malignant brain tumors,32 
we detected a mild reduction of ADAMTS13 activity in 
melanoma patients with BM that should not affect the 
degradation of luminal VWF multimers.33–35 A  differen-
tial glycosylation of platelet-derived VWF, which provides 
specific resistance against cleavage,36,37 may explain the 
observed VWF strings in brain metastatic tissue. We used 
VWF-deficient mouse platelets to show the impact on 
platelet aggregation. Accordingly, as well as binding to 
collagen,38 platelet-derived VWF strings could help to re-
cruit new circulating platelets.37,39 Our data indicate that 
platelet-derived VWF could be relevant for metastatic 
growth of melanoma in the brain via a local increase of 
platelet-derived molecules such as VEGF-A. Indeed, VEGF-A 
was shown to be overexpressed in melanoma and asso-
ciated with poorer outcome.40,41 It is therefore likely that 
VEGF is involved in the brain metastatic cascade. However, 
anti-VEGF-A strategies have no clinical role in the treat-
ment of melanoma. Bevacizumab treatment following 
surgical resection in melanoma patients did not improve 
overall survival of the included patients.42 It is important 
to mention that although VEGF-A affects multiple steps of 
the metastatic cascade,43–46 a vast amount of molecules is 
involved in BM formation.47 Next to VEGF, the involvement 
of heparanase, TGF-β, and selectins has been proposed.48,49 
To simultaneously inhibit several molecules involved in 
thrombosis and metastasis, we evaluated the therapeutic 
effect of the LMWH tinzaparin. Heparins consist of a com-
plex mixture of natural glycosaminoglycans responsible 
for the binding to large number of molecules. Next to its 
anticoagulant activity, tinzaparin exerts its anti-metastatic 
activity via binding and inhibition of distinct molecules in-
volved in the extravasation of tumor cells, such as VEGF-A,9 
heparanse, and selectins.50 Since our data demonstrate a 
clear therapeutic effect of tinzaparin, LMWHs may repre-
sent antithrombotic and innovative therapeutic targets for 
cancer treatment.

However, clinical studies evaluating LMWH in cancer 
patients provided modest results. Only few clinical 
trials reported a significant survival benefit in cancer 
patients receiving LMWHs.51 In addition, the FAMOUS 
study demonstrated no impact of dalteparin on survival 

Fibrinogen and CD42. Results were normalized to the mean value observed in Wt brains (n = 4–6 brains/group). (C) Immunofluorescence staining 
of VWF and CD42 showed platelet-derived VWF secretion correlating with platelet aggregates. (D) The number of aggregates per vessel was 
quantified in each group (n = 4–6 brains/group). (E) Murine bEND3 cells were perfused with platelets isolated from Wt or VWF knockout (VWF 
KO) mice. (F) Platelet coverage was quantified before stimulation (Plt adhesion) and after activation (Plt aggregation) (n = 4–6 brains/group). (G) 
Distinct capacity of Wt and VWF KO platelets to form aggregates was confirmed by LTA (n = 4). Ns = not significant, *P < .05, **P < .01, scale bar 
50 μm.
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of cancer patients.52 Further, dalteparin did not improve 
overall survival of patients with lung cancer.53 The dis-
crepancies among the observations might be explained 
by the inclusion of different tumor types, cancer stages 
as well as differences in the applied anticoagulants. 
Compared to tinzaparin, fondaparinux and dalteparin 
are less efficient in blocking selectins and VEGF-A.9,54,55 
Tinzaparin is safe and efficacious in the treatment of 
venous thromboembolism in patients with cancer56 
demonstrating the need of clinical trials involving lo-
calized tumors without metastases to avoid the con-
cept that LMWHs do not have an impact on survival and 
tumor progression.

Limitations of this study should be considered. One 
limitation is that although the combination of in vitro, 
ex vivo, and in vivo techniques allowed deep insights 
into the role of VWF in the brain metastatic cascade, it 
did not allow to dissect the role of platelet-derived VWF 
strings. To elucidate the specific contribution of platelet-
derived VWF in the brain, bone marrow transplantations 
between WT and VWF-deficient mice could be applied. In 
addition, tinzaparin used to block coagulation and BM 
in this study makes it difficult to analyze the underlying 
mechanisms.

In conclusion, our data shed light on the biology of 
VWF at the BBB and expand our understanding of the 
pathophysiological mechanisms underlying thrombosis 
and the formation of BM in patients with malignant 
melanoma.
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Supplementary material is available at Neuro-Oncology 
Advances online.
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