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THROMBOSIS AND HEMOSTASIS

von Willebrand factor fibers promote cancer-associated platelet
aggregation in malignant melanoma of mice and humans
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Tumor-mediated procoagulatory activity leads to venous thromboembolism and supports
metastasis in cancer patients. A prerequisite for metastasis formation is the interaction of

e Tumor-derived VEGF-A
mediates endothelial cell
activation, VWF release,
and platelet aggregation
provoking coagulation in
tumor patients.

¢ Local ADAMTS13 inhibition
promotes VWF fiber formation
in tumor microvessels.

cancer cells with endothelial cells (ECs) followed by their extravasation. Although it is
known that activation of ECs and the release of the procoagulatory protein von Willebrand
factor (VWF) is essential for malignancy, the underlying mechanisms remain poorly un-
derstood. We hypothesized that VWF fibers in tumor vessels promote tumor-associated
thromboembolism and metastasis. Using in vitro settings, mouse models, and human
tumor samples, we showed that melanoma cells activate ECs followed by the luminal
release of VWF fibers and platelet aggregation in tumor microvessels. Analysis of human
blood samples and tumor tissue revealed that a promoted VWF release combined with
alocal inhibition of proteolytic activity and protein expression of ADAMTS13 (adisintegrin-
like and metalloproteinase with thrombospondin type | repeats 13) accounts for this pro-
coagulatory milieu. Blocking endothelial cell activation by the low-molecular-weight
heparin tinzaparin was accompanied by a lack of VWF networks and inhibited tumor progression in a transgenic mouse model.
Our findings implicate a mechanism wherein tumor-derived vascular endothelial growth factor-A (VEGF-A) promotes tumor progression
and angiogenesis. Thus, targeting EC activation envisions new therapeutic strategies attenuating tumor-related angiogenesis and

coagulation. (Blood. 2015;125(20):3153-3163)

Introduction

To form new metastatic lesions, circulating melanoma cells have to
interact with endothelial cells (ECs) and migrate through the vessel
wall." In this context, our own in vitro studies show that melanoma
cells activate ECs by an indirect, tissue factor (TF)-mediated thrombin
,g,vf:neration.3 Next to this indirect melanoma-induced EC activation,
recent findings identified melanoma-derived vascular endothelial
growth factor-A (VEGF-A) as main mediator of direct EC activation.*>
Both the thrombin- and the VEGF-A—-dependent pathways induce
EC activation followed by Weibel-Palade body (WPB) exocytosis
and the release of inflammatory cytokines and the highly procoagu-
latory glycoprotein von Willebrand factor (VWEF), linking inflamma-
tion and coagulation.® On the one hand, luminally released VWF fibers
are involved in hemostasis and vessel repair as mediators of platelet
adhesion to the endothelium.”® On the other hand, we showed that
tumor cell-induced ultra-large VWF (ULVWF) fibers have the highest
potential for platelet binding and aggregation.”'® This effect may
contribute not only to pathophysiologic vessel occlusion,'' but also

to the establishment of metastasis as platelets facilitate tumor cell
extravasation.' >

Indeed, it is well-known that cancer patients hold a high risk of
thromboembolism associated with an enhanced incidence of metas-
tasis and a decrease of overall survival.">"'” Especially in malignant
melanoma patients, the incidence of venous thromboembolism (VTE)
is ~25%.'8 Moreover, clinical studies demonstrate that treatment with
anticoagulant low-molecular-weight heparins (LM WHs) improves the
outcome of distinct cancer patients.'® Based on these observations, we
postulate that EC activation, followed by the generation of VWF fibers
in tumor vasculature, promotes cancer-associated hypercoagulopathy
and facilitates metastasis.

Here, we demonstrate the existence of VWF fibers mediating
platelet aggregation within tumor microvessels in 2 different tumor
mouse models and in human tumor tissue promoted by an increased
EC activation and a local inhibition of the VWF-degrading en-
zyme ADAMTS13 (a disintegrin-like and metalloproteinase with
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thrombospondin type I repeats 13). Binding and inhibition of tumor-
derived VEGF-A by the LMWH tinzaparin blocked EC activation,
thereby attenuating VWF fiber formation on the luminal surface of
EC:s. Finally, treatment with tinzaparin impaired VWF network forma-
tion and led to reduced tumor growth, tumor angiogenesis, and a sup-
pression of metastasis in a ret transgenic mouse model spontaneously
developing melanomas.® Our study provides new insights into the cru-
cial role of the vascular endothelium promoting both tumor-associated
coagulation and metastasis.

Methods

Mouse procedures

All experiments were approved by the governmental animal care authorities.
Ret transgenic mice?'* developing skin melanoma spontaneously were treated
with tinzaparin 0.6 IU/g (innohep; Leo Pharma) or NaCl subcutaneously.
Details are provided in the supplemental Methods (see supplemental Data
available at the Blood Web site).

Human malignant melanoma tissue

Informed written consent was obtained from all participants in accordance
with the Declaration of Helsinki and the International Conference on Har-
monization of Technical Requirements for Registration of Pharmaceuticals
for Human Use (ICH) guidelines. The protocol received approval from the
ethics committee of the Medical Faculty Mannheim, Heidelberg University
(Germany; 2010-318N-MA). Patients with malignant melanoma stage UICC I1I
and IV were selected from the Department of Dermatology, Venereology and
Allergology, Heidelberg.

Immunofluorescence analysis

Cryosections (10 wm) were incubated with the following primary anti-
bodies: rabbit anti-human VWF (DakoCytomation), rat anti-mouse CD42b
(emfret Analytics), mouse anti-human Thrombospondin (Laboratory Vision/
Neomarkers), mouse anti-human CD31 (DakoCytomation), rat anti-mouse
CD31 (BD Biosciences), Ki67-fluorescein isothiocyanate (FITC) (BD
Biosciences), rabbit anti-VEGF-A (Santa Cruz Biotechnology). The following
secondary antibodies were used: FITC-conjugated goat anti-rabbit (BD
Pharmingen), Alexa 555—conjugated goat anti-rat immunoglobulin G (IgG;
Invitrogen), or Alexa 555—conjugated goat anti-mouse. Nuclei were stained
with 4,6 diamidino-2-phenylindole (DAPI) and microscopy was performed
using an Axiovert 200 microscope (Zeiss). Images were processed with
AxioVision software (4.8) and ImagelJ (1.47c¢).

Bio-plex assay

Snap-frozen melanoma samples were mechanically disrupted and treated with
lysis solution (Bio-Rad). After sonication, samples were centrifuged (4500g;
10 minutes; 4°C). Protein concentration was determined using the Pierce BCA
protein assay kit (Thermo Scientific) and adjusted to 1000 pg/mL using serum
diluent (Bio-Rad). Protein concentrations in tissue lysates were measured by
multiplex technology (Bio-Rad). Bio-plex assays for in vitro studies can be
found in the supplemental Methods.

ADAMTS13 activity measurements

ADAMTS|13 activity was measured in citrate plasma by a commercially available
kit according to the instructions of the manufacturer (Technoclone GmbH). In tis-
sue lysates (1% Triton X-100 in phosphate-buffered saline [PBS]), ADAMTS13
activity was measured using FRETS-VWF73 (American Diagnostica).

Western blot

Tumor tissue and skin were homogenized (1% Triton X-100 in PBS) and protein
concentration was quantified using the Bradford assay. In total, 40 g of protein
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was separated by sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) and western blot was performed according to standard protocols
using a polyclonal antibody to ADAMTS13 (Santa Cruz Biotechnology) for
detection.

ELISA techniques

Secretion of VWF was quantified using a sandwich enzyme-linked immuno-
sorbent assay (ELISA) technique as described before.® ELISA for VEGF-A was
performed in accordance with the instructions of the manufacturer (Bender
MedSystems).

Flow cytometry

Single-cell suspension of fresh tumor tissue and lymph nodes was produced
as described before.”® Cell suspensions were treated with Fc-block and
antibodies for 20 minutes at 4°C. To exclude leukocytes and identify
melanoma cells, cells were incubated with primary anti-mouse antibodies
(CD45.2-PerCP-Cy5.5; mouse anti-human Ki67-Fitc; BD Biosciences)
for 1 hour. Acquisition was done using FACSCanto II with FACSDiva
software (both BD Biosciences). FlowlJo software (Tree Star) was used for
analysis of at least 100 000 events. Data were expressed as histograms.

In vitro studies

Stimulation of endothelial cells. Generation of Ret melanoma-derived
supernatants and stimulation of human umbilical vein endothelial cells
(HUVECs) were performed as described before. Briefly, melanoma super-
natants were used with or without addition of bevacizumab (0.65 mg/mL;
Roche), tinzaparin (100 ITU/mL, innohep; Leo Pharma) for stimulation.
Details are provided in the supplemental Methods.

RNA preparation and reverse transcription quantitative polymerase
chain reaction. Total RNA was extracted using the RNeasy mini kit (Qiagen
GmbH) as described before.* Details are provided in the supplemental Methods.

Fluorescence spectroscopic analysis of the VEGF-tinzaparin interaction.
To measure VEGF-tinzaparin interaction, we added tinzaparin (concentra-
tion range, 5 uM to 80 uM) to 0.5 wM human recombinant VEGF-A (R&D
Systems) in PBS. The reaction mixtures were incubated at room temperature
for 20 minutes and measured in a fluorescence spectrometer (excitation,
290 nm; emission, 320-450 nm; Tecan infinite M200, Tecan Group Ltd.).
The pentasaccharide fondaparinux was used as control. K4 values were
calculated with GraphPad Prism using a 1-site specific nonlinear regression
analysis.

ATP quantification. Cellular adenosine triphosphate (ATP) levels were
assessed using the CellTiter-Glo luminescent cell viability assay according to the
manufacturer (Promega). A detailed description is provided in the supplemental
Methods.

Statistical analysis

Significance was tested by Student #/Mantel-Cox testing using GraphPad Prism
(version 6.0). Error bars show the standard error of the mean and *P < .05 was
considered as significant difference.

Results
Tumor micromilieu promotes VWF fiber formation

To investigate the role of tumor-mediated EC activation in vivo, we
analyzed the distribution of VWF in vessels of primary skin tumors of
ret transgenic mice characterized by spontaneous melanoma de-
velopment and metastasis similar to the clinical situation.”* VWF,
stored in WPBs, showed a typical punctate staining in the vessel
wall of healthy control skin and virtually no VWF within the vessel
lumen (Figure 1A-B arrowheads). By contrast, in tumor tissue a
clear decrease in VWF abundance was detected in the cytoplasm of
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Figure 1. Inmunofluorescence analysis of tumor
microvessels compared with healthy control skin
in ret transgenic mice. Cryosections were stained for
VWEF and CD31 (A,C). An anti-GPIb antibody was used
to identify platelets (B,D). Nuclei were stained with
DAPI. Representative images of control skin show
VWF localized within the vessel wall, lacking ULVWF
fibers within the lumen (A-B, arrowheads) and only few
platelets are visible (B, red). By contrast, in tumor
microvessels, ULVWF fibers are detectable within the
vessel lumen indicating EC activation (C, arrows). These
ULVWEF fibers bind platelets as shown in the same
vessel (D, red, arrows). Insets, A higher magnification
of the presented images (n = 4 to 10 animals; scale
bars = 20 um). See also supplemental Figures 1-2.

the ECs indicative of EC activation (Figure 1C-D). WPB exocy-
tosis was confirmed by an increased formation of ULVWF fibers
within tumor blood vessels (Figure 1C arrows). We found clearly vis-
ible ULVWEF fibers (defined as ULVWF fibers =5 pum) in 32.9%
of all tumor vessels, but only in 8.0% of all analyzed vessels in
control tissue of nontransgenic littermates (supplemental Table 1).

Because VWF is an effective binding partner for circulating plate-
lets, we assumed that melanoma cell-mediated EC activation may result
in platelet aggregation. As expected, there was almost no platelet
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recruitment to the nonactivated endothelium of the control skin
(Figure 1B). However, platelet aggregates and adhesion to ECs were
clearly visible in the tumor vasculature and seemed to be dependent on
the presence of ULVWE fibers on the luminal surface of the vessel wall
(Figures 1D arrows; supplemental Figure 1). In addition, we detected in
some microvessels an occluding thrombotic clot mainly consisting of
VWEF and platelets resembling the kind of microvessel occlusion
prototypic for patients with thrombotic thrombocytopenic pur-
pura (TTP; supplemental Figure 2). Therefore, the ULVWF fibers in
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Figure 2. Local inhibition of ADAMTS13 promotes

VWEF fiber formation in microvessels obtained from

human melanoma patients. Cryosections of human

ek malignant melanoma tissue, healthy control skin, and
5 basal cell carcinoma were analyzed by immunofluo-
rescence stainings for VWF and CD31 (A-C) or
thrombospondin (TSP) (D-E). Nuclei were stained with
DAPI. Analysis of healthy skin (A) and human basal
cell carcinoma (B) as control demonstrate storage of
VWEF in the vessel wall (arrowheads). ULVWF fibers
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the lumen of microvessels indicate an intrinsic stimulation by the tu-
mor and/or stroma cells in the spontaneously developed melanomas.

ULVWF fibers are generated within microvessels of human
malignant melanoma patients

To prove the clinical significance of these findings, we evaluated
cryosections of human malignant melanoma tissue obtained from 6
patients (supplemental Table 1; Figure 2C-F). We identified, in 29.3%
of all microvessels, intraluminal ULVWEF fibers (Figure 2F arrows;
supplemental Table 1). In contrast, microvessels from tissue of human
basal cell carcinoma (nonmetastatic, semimalignant tumor) or control
skin displayed a localization of VWF solely within the ECs lacking
any ULVWF fibers within the vessel lumen (supplemental Table 1;
Figure 2A-B arrowheads). In line with our animal data, blood vessels
in human melanomas were characterized by strong EC activation, the
formation of ULVWEF fibers (Figure 2C-D arrows), platelet binding
(Figure 2D arrows), and microthrombus formation (Figure 3E asterisk).

Systemic ADAMTS13 baseline activity indicates local inhibition
of ADAMTS13 in tumor microvessels

The observations described in the previous sections strongly suggest
that the formation of tumor ULVWF networks is due to a loss of

ADAMTS13 activity and enhanced EC activation associated with an
imbalance of VWF release and degradation.

To examine the underlying mechanisms, we measured the sys-
temic level of VWF from patients suffering from malignant melanoma.
The mean serum level of VWF was 24 239 ng/mL * 11 544 ng/mL
in cancer patients, almost twofold increased compared with
14 077 ng/mL = 4910 ng/mL in healthy controls (Figure 2G; P < .005).
Furthermore, we quantified the ADAMTS13 activity in serum sam-
ples (Figure 2H). In healthy controls, mean ADAMTS13 activity was
95.92% * 13.28% (n = 18) and was decreased to 82.32% =+ 20.96%
(n = 20) in melanoma patients. Therefore, the measured systemic activ-
ity of ADAMTSI13 is clearly within the range required to maintain a
physiological equilibrium of ULVWEF fiber formation and degrada-
tion because the latter has been shown to break down only at enzyme
activities around 5% to 20% and below.?**

Next, to analyze local changes of ADAMTS13 activity in tumor
microvessels, we measured interleukin-6 (IL-6), tumor necrosis factor-a
(TNF-a), IL-4, and interferon-y (IFN-vy) in melanoma metastasis
samples from 9 patients by bio-plex assay because these cytokines
have been shown to decrease ADAMTS13 activity.?*?” In line, all
cytokines were clearly increased in human tumor samples (except
IL-4, showing only a slight increase; data not shown) compared with
healthy skin (Figure 21-K).
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Figure 3. Reduced ADAMTS13 activity in tumor
tissue promotes intraluminal VWF fiber formation
in tumor microvessels. Immunofluorescence staining
of cryosections for VWF (green), platelets (red), and
the endothelial cell marker CD31 (red). DNA was
stained with DAPI (blue). Mouse melanoma cells (Ret)
were injected intradermally and mice were treated with
recombinant ADAMTS13 (rADAMTS13; E-F) or 0.9%
NaCl (C-D) as control. Reconstitution of ADAMTS13
reduced the formation of intraluminal ULVWF networks
and platelet aggregation compared with vehicle treat-
ment. In comparison with wild-type skin (A-B), less
VWF in the vessel wall indicates ULVWF degradation
after exocytosis (n = 5-6 animals; scale bars = 20 pum).
To analyze the impact of ADAMTS13 on VWF fiber
formation, vessels with or without luminal fibers were
quantified. Infusion with rADAMTS13 significantly de-
creased the number of vessels with ULVWF (G). The
activity and the protein expression of ADAMTS13 in
tumor tissue were significantly reduced compared with
healthy skin measured by a FRET-based assay and
western blot (H; n = 3-5 animals, *P < .05, **P < .005).
See also supplemental Table 2.
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As mentioned previously, a lack of ADAMTS13 activity alone is
not sufficient and a marked EC activation is also needed to induce
ULVWEF fiber formation. Because VEGF is a potent activator of human
ECs,4 we measured its concentration in human melanomas. As shown
in Figure 2L, VEGF-A was significantly increased within the tumors
compared with control tissue and thereby may account for the ob-
served EC activation and ULVWEF release.

Reduced ADAMTS13 activity promotes ULVWF fiber formation
in tumor vessels

To analyze whether recombinant ADAMTS13 in the peripheral blood
could rescue the localized inhibition of ADAMTS13 activity, we
applied a second mouse model, based on intradermal inoculation of
melanoma cells (Figure 3).

Comparable to previous results, 44.4% of the tumor microvessels
of vehicle-treated control mice exhibited ULVWEF fibers (Figure 3G;
supplemental Table 2). IV infusion of recombinant ADAMTS13 re-
duced luminal ULV WF fiber formation significantly to 27.5% in tumor-
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bearing mice. We concluded VWF network degradation after luminal
VWEF release because VWF detected in the vessel wall was reduced
compared with healthy controls (Figure 3E-F).

Moreover, we found a strong reduction of the proteolytic activity of
ADAMTS13 in tumor tissue compared with healthy skin using a new in
situ activity assay (Figure 3H). We next analyzed the protein expression
of ADAMTSI13 in the tissue by western blot analysis. The antibodies
against ADAMTS13 recognized bands with molecular weights of
about 154 and 190 kDa indicating differentially processed protein
isoforms. For both bands, tumor tissue exhibited reduced protein levels
compared with skin (Figure 3H). Therefore, data provide evidence for
reduced ADAMTS13 activity within tumor microvessels.

Tinzaparin blocks Ret cell-induced EC activation in vitro via
binding to VEGF-A

To resolve the molecular mechanisms of EC activation mediated by
mouse melanoma cells, we incubated ECs with the supernatant of
the melanoma cell line Ret established from skin tumors developing in
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Figure 4. The melanoma cell line Ret induces endo-
thelial cell stimulation via VEGF-A. HUVECs were
stimulated for 15 minutes with the supernatant (sn) of
the melanoma cell line Ret alone or supplemented with
0.65 mg/mL bevacizumab and thrombin (0.5 1U/mL)
was used as a positive control. The efficiency of the
melanoma cell-induced EC stimulation was quantified
by measurement of VWF release by immunofluores-
cence staining (A) and by ELISA for VWF (B). Supple-
mentation of Ret cells with bevacizumab or tinzaparin
(100 1U/mL) reduced tumor cell-induced VWF release
(B). Measurement of VEGF-A revealed that incubation
with tinzaparin for 24 hours, 48 hours, and 72 hours
resulted in a significant reduction of VEGF-A release
by melanoma cells (C). The VEGF-A mRNA expres-
sion measured by real-time PCR was not affected by
tinzaparin treatment of 48 hours (D). Bio-plex assays of
different cell fractions showed a tinzaparin-induced re-
duction of VEGF-A in all fractions (E). Adding tinzaparin
to Ret cell supernatant immediately before the measure-
sk ments revealed an interaction of VEGF-A and tinzaparin
=l ke (F). Binding of tinzaparin to VEGF-A was determined

el using the intrinsic tryptophan fluorescence (emission:
290 nm, excitation: 340 nm). The fluorescence of VEGF-
A increases in a dose-dependent manner (G). In contrast
to fondaparinux, tinzaparin exhibits a high binding affinity
to VEGF-A (H). The binding of VEGF-A to tinzaparin in-
hibited VEGF-mediated ATP production of endothe-
lial cells indicative for reduced cell proliferation (I).
Data are presented as the mean = SD of n = 4 of at
least 2 independent experiments (*P < .05, **P < .005,
***P < .001; scale bars = 20 pum).
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ret transgenic mice. As shown in Figure 4, melanoma-derived super-
natantinduced a prompt release of VWF through WPB exocytosis
as shown by immunofluorescence analysis (Figure 4A) and ELISA
(Figure 4B). Inhibition of Ret cell-derived VEGF-A by bevacizumab
was sufficient to reduce ULVWF release to control levels, demon-
strating the importance of melanoma-secreted VEGF-A for acute
EC activation (Figure 4A-B). As treatment with bevacizumab has
diverse side effects in tumor patients®® and VEGF-A has a heparin
binding site,”” we used LMWH for inhibition of VEGF-A. The
results show that the LMWH tinzaparin attenuated melanoma-
induced EC activation (Figure 4B) and significantly reduced the level
of Ret cell-secreted VEGF-A by 22% after 24 hours, by 32% after
48 hours, and 31% after 72 hours of incubation (Figure 4C). To ex-
clude that incubation with tinzaparin alters the expression of VEGF-A,
we performed real-time polymerase chain reaction (PCR) using total
RNA from melanoma cells treated with tinzaparin for 48 hours or
left untreated. The results clearly demonstrated that tinzaparin does
not affect the expression of VEGF-A (Figure 4D). We next examined
the effect of LMWHSs on tumoral VEGF-A release by bio-plex assay
(Figure 4E). Analysis of the eluted proteins demonstrated a tinzaparin-
induced reduction of VEGF-A in the supernatant, in the cell lysate and
the precipitated pellet. Because binding of tinzaparin to VEGF-A may

350 400 450
wavelength [nm]

affect the antibody recognition in the assay, we added tinzaparin to
the supernatant of Ret cells immediately before the measurements.
In accordance, reduced levels of measured VEGF-A indicate the in-
teraction of VEGF-A and tinzaparin (Figure 4F). As final proof for
this interaction, we applied a fluorescence-based method to analyze
conformational changes upon protein-ligand binding. This method
uses the intrinsic tryptophan fluorescence of a protein and ligand-
induced changes of the solvent environment of tryptophan residues.
Although the pentasaccharide fondaparinux revealed low binding
affinity to VEGF-A (K= 296.2 = 94.28 wM), tinzaparin binds to
VEGF-A with high affinity in a concentration-dependent manner
(Kg= 36.8 = 11.02 pM) (Figure 4G-H). Of note, the data provide
evidence for conformational changes of VEGF-A upon tinzaparin
binding that modulate the activities of VEGF. Finally, the effect of
heparin on endothelial cell proliferation was measured using ATP
assays (Figure 41). Compared with medium alone, recombinant
VEGF-A increased cell proliferation by 15% which was blocked
by addition of tinzaparin. Taken together, these results impli-
cate that tumor-released VEGF-A accounts for EC activation and
VWEF fiber formation in the tumor vasculature. Tinzaparin binds to
VEGF-A and thereby blocks its activity on melanoma-mediated EC
activation.
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Figure 5. Blocking VEGF-A using tinzaparin reduces
VWEF fiber formation in tumor microvasculature. Im-
munofluorescence stainings for VWF (green) and anti-
CD31 (red) in cryosections of ret transgenic tumors were
performed. Nuclei were stained with DAPI. Tumor micro-
vessels of control mice showed formation of ULVWF fibers
in the vessel lumen (A, arrows). By contrast, microvessels
of tinzaparin-treated mice showed almost no ULVWF fiber
formation and a punctual pattern of VWF within the vessel
wall (B, arrowheads), indicative of reduced endothelial
cell activation. Representative pictures of tumor micro-
vessels are shown (n = 10 animals of 2 independent
experiments; scale bars = 20 um). Tinzaparin treatment
correlated with a significant reduction of vessels with
intraluminal VWF fibers (C). Tumor vessels were ana-
lyzed for platelet aggregation using VWF (green) and
GPIb (red) staining. Quantification showed a significant
increase in platelet-covered area in the lumen of tumor
vessels compared with control. This effect was abolished
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Tinzaparin-induced inhibition of VEGF-A blocks EC activation
in tumors

For in vivo proof of our findings, we treated ret transgenic mice with
tinzaparin followed by analysis of microvessels and quantification of
VWEF fiber formation (Figure 5). As expected, the proportion of
luminally released ULVWEF in tumor microvessels was strongly in-
creased in vehicle-treated tumors reflected by VWE fibers in the vessel
lumen but reduced VWEF staining in the vessel wall (Figure SA arrows;
supplemental Figure 3). In contrast, inhibition of tumor cell-secreted
VEGF-A by tinzaparin increased VWF storage in the vessel wall
(Figure 5B arrowheads; supplemental Figure 3) and intraluminal
ULVWF formation was significantly reduced or even absent indic-
ative for a decrease or inhibition of EC activation. Quantification
revealed a significant reduction of tumor vessels with intraluminal
ULVWEF to 16.1% in tinzaparin-treated animals vs 32.9% in control
tumors (Figure 5C; supplemental Table 1). As expected, a downreg-
ulation of intraluminal ULVWF fibers was accompanied by areduction
of intraluminal platelet count (Figure 5D) and inhibited VWF-
mediated platelet aggregation in the lumen of tumor microvessels
(Figure 5E).

Blocking EC activation by tinzaparin blocks tumor progression

We next asked whether inhibition of VEGF-A by tinzaparin and there-
fore VWF fiber formation affected metastasis formation in ret transgenic

mice. To this end, we analyzed the distribution of the proliferation
marker Ki67 in tumor cells of primary tumor tissue and lymph nodes
(Figure 6). Within the tumors, we found a tinzaparin-induced reduc-
tion of proliferating tumor cells (Figure 6A-C). Flow cytometry
using CD45.2 to exclude leukocytes identified 7.8% of cells as
proliferating cancer cells in the tumor-bearing control group, whereas
tinzaparin reduced the amount of malignant cells in the lymph nodes to
5% (Figure 6D). As our in vitro studies identified VEGF-A as potential
target, we next analyzed the expression level of VEGF-A in skin
tumors and lymph nodes. In accordance with in vitro results, the con-
centration of VEGF-A was dramatically reduced upon tinzaparin
treatment vs control in skin melanomas (Figure 6E) and lymph nodes
(Figure 6F). Interestingly, this effect decreased tumor weight by 30%
and improved mouse survival in several independent experiments
(Figure 6G-H; supplemental Video 1). Taken together, we conclude
that an inhibition of tumor-released VEGF-A using tinzaparin atten-
uates EC activation, VWF fiber formation, and tumor progression
upon a prolonged tinzaparin treatment schedule.

VEGF-A blockage reduces angiogenesis in intradermal tumors

Because VEGF-A is a strong promoter of angiogenesis,' we next ana-
lyzed the effect of tinzaparin treatment on localization of VEGF-A
(supplemental Figure 4) and blood vessels using tumor sections of
mouse melanomas (Figure 7). Treatment with tinzaparin slightly
reduced VEGF-A staining (supplemental Figure 4) and according
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Figure 6. Tinzaparin attenuates proliferation of
melanoma cells in primary tumor and lymph nodes
and attenuates tumor progression in ret transgenic
mice. Immunofluorescence stainings of tumor cell
proliferation with Kié7 (green) and DAPI (nuclei, blue).
Cryosections of vehicle-treated tumors (A) show more
proliferating melanoma cells compared with tinzaparin-
treated tumors (B; scale bars = 50 um). Quantification
showed a significant reduction of Ki67-positive cells
after treatment with tinzaparin (C). Analysis of Ki67-
positive tumor cells in lymph nodes of vehicle-treated
ret mice and tinzaparin-treated animals was assessed
by flow cytometry. Results show that tinzaparin induces
a significant reduction of proliferating melanoma cells
(D). Bars show mean * SD (n = 7-10). Tumor-derived
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to the staining of CD317 vessels, the LMWH significantly reduced
the vascular area by 20% compared with vehicle control (Figure 7C).
This was reflected by a relative increase of small vessels (<50 pwm)
and a reduction of big blood vessels (>150 wm) providing direct
evidence of antiangiogenic effects of VEGF-A inhibition by binding to
tinzaparin (Figure 7D).

Discussion

Since the pioneering work by Moake et al in 1982, it is postulated
that ULVWEF fibers exist in patients suffering from TTP.*® These
ULVWF multimers detected by gel electrophoresis were shown to
be responsible for the life-threatening occlusion of microvessels
mainly within the brain, kidney, and heart,*' >* predisposing to an
increased risk of cardiovascular diseases.>* Consistent with this,
a deficiency or dysfunction of VWF causes the bleeding disorder
von Willebrand disease (type 1-3).>> Under physiological conditions,

ADAMTS13 specifically cleaves these ULVWEF fibers into smaller
fragments, thus downregulating the hemostatic activity of VWF.3¢
Therefore, missing ADAMTS13 activity, by neutralizing autoanti-
bodies or by reduced protein expression, represents the path-
ophysiological correlate for TTP and the appearance of ULVWF
multimers in those patients.*w'39 However, since 1982, the for-
mation of these ULVWF multimers has never been shown in human
vessels.

Here, we show ULVWF network formation in the microvas-
culature of malignant melanoma of mice and humans (Figures 1 and 2).
In strong accordance, we and others previously reported the generation
of ULVWE fibers in vitro.>***! However, this effect was restricted to
the absence or inhibition of ADAMTS13 in these in vitro settings.*> As
it is postulated that ULVWF fibers may only occur by profound EC
activation combined with absence of ADAMTS13 activity,>>**** we
postulate local inhibition or deficiency of ADAMTS13 activity in
tumor vessels. The following arguments support our hypothesis:
our own studies demonstrated that melanoma cells activate ECS,3 -
followed by a profound release of VWF fibers, and may therefore
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Figure 7. Tinzaparin inhibits VEGF-A-mediated an-
giogenesis in primary skin tumors and impedes
tumor cell metastasis. Tumor-bearing mice were
treated with vehicle (A; control) or tinzaparin (B) and
cryosections of primary tumors were analyzed by
immunofluorescences for CD31. Morphometric quanti-
fication of the vessel density (C) demonstrates a sig-
nificant difference in vessel density upon tinzaparin
treatment compared with control tumors. Quantitative
assessment of vessels in tinzaparin-treated tumors (D)
shows that tinzaparin treatment results in a significant
increase of small vessels (<50 um) and decrease
of big vessels (>150 wum). Plots show mean + SD
(n = 4-6 animals of 2 independent experiments; scale
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imbalance the ratio between ADAMTS 13 and ULVWE fibers. Notably,
in this study, we identified VEGF-A as a strong promoter of EC activation
accompanied by ULVWEF release in tumor microvessels (Figures 2 and 4).
Furthermore, our human studies showed elevated levels of TNF-a,
IFN-v, and IL-6 (Figure 2), cytokines known to inhibit ADAMTS13
activity and expression.®*’ These findings are in line with a strong in-
crease of TNF-q, IL-6, and IFN-y in malignant melanoma tumors of
ret transgenic mice.”>*****” Moreover, reconstitution of ADAMTS13
by infusion of the recombinant enzyme counteracts ULVWF network
formation in tumor microvessels. In strong accordance, the proteolytic
activity and the protein concentration of ADAMTS13 are decreased in
tumor tissue (Figure 3; supplemental Table 2). Thus, a high amount of
EC-derived ULVWF mediated by tumor-derived VEGF-A and reduced
ADAMTS13 activity is a sound explanation for the observed formation
of ULVWEF fibers within tumor microvasculature.

An important finding of this study is that EC-released VWF fibers
markedly bind platelets (Figures 1 and 2). Of note, earlier experiments
addressed the relevance of platelets in metastasis.'* Platelet aggre-
gates may protect cancer cells from immune cells, such as natural killer
cells,'>*® or may directly influence tumor extravasation as the platelet-
derived factors VEGF-A, thrombin, and platelet-activating factor activate
ECs.*! Finally, we previously showed in mouse models that leukocyte
extravasation in mesenteric vessels is dependent on VWF-mediated
permeability.>>> This step could be related to vascular dissemination of
cancer cells facilitated by VWF-recruited platelets mediating vascular
permeability and tumor-associated activation of the coagulation.

Obviously, an increasing body of evidence indicates that treatment
with LMWHs such as tinzaparin is not only suitable to prevent cancer-
associated thrombosis, but is also a potential antiagent for therapeu-
tic use.>*>> In our own study, tinzaparin treatment, upon tumor
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onset, improves survival and attenuates tumor progression in the ret
mouse model (Figures 5 and 6). In contrast to most tumor models,
the ret transgenic mouse model closely resembles the clinical sit-
uation of melanoma patients with metastasis in lymph nodes, lungs,
and brain.?*%?

Due to its complex composition, a plethora of potential mechanisms
for heparin effects on metastasis are discussed. Next to interaction
with heparanase, enzymes, and growth factors, most studies suggest
selectins as a main target of heparins.>>> However, P-selectin medi-
ating the adhesion of tumor cells to the vascular endothelium is exposed
to the EC surface upon activation only.”® Because all previous studies
lack the explanation of mechanisms involved in EC activation that
is needed to expose P-selectin, the results from the present study
strengthen the idea that tinzaparin blocks EC activation via binding to
VEGF-A. The LMWH binds to the growth factor and reduces VEGF-
A-mediated release of ULVWEF (Figures 4 and 6) and angiogenesis
(Figure 7). Indeed, heparin contains a growth factor binding site>’ and
our VEGF-A has been identified as main mediator of angiogenesis'~®
and a strong inducer of EC activation* promoting cancer progression.
Thus, tumor cell-secreted VEGF-A may facilitate cancer cell extrav-
asation and hypercoagulation through EC activation and VWF fiber
generation mediating platelet aggregation and the binding of tumor
cells to the vessel wall (Figure 7E-G).

On the basis of these findings, an anti-VEGF strategy seems to be
promising to treat patients with metastatic melanoma.>® However, the
angiogenesis inhibitor bevacizumab has diverse side effects and en-
hances the risk of hypercoagulation.”®¢*¢! VEGF blockage provokes
endothelial apoptosis and may mediate coagulatory processes via
platelet binding to damaged tissue.®’ Therefore, heparins may represent
antithrombotic and innovative therapeutic targets for cancer treatment.
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Taken together, our data propose a new mechanism of tumor-
related procoagulatory activity that indicates the impact of ADAMTS13
and VWEF in thrombotic microangiopathies other than TTP. It is
tempting to speculate that this mechanism could be relevant for
other pathophysiological conditions, such as autoinflammatory diseases
and sepsis, known to support the formation of ULVWF fibers and
attenuate ADAMTS13 activity,?!-33:62-64

Thus, our data provide essential information delineating thrombotic
mechanisms and highlight EC activation or microthrombi formation as
new therapeutic targets in cancer treatment (Figure 7H).
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