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Key Points

• The endothelial glyco-
calyx controls platelet
recruitment through the
tethering of VWF.

•Glycocalyx shedding
attenuates VWF fiber
formation in melanoma.

The dynamic change from a globular conformation to an elongated fiber determines the

ability of von Willebrand factor (VWF) to trap platelets. Fiber formation is favored by

the anchorage of VWF to the endothelial cell surface, and VWF-platelet aggregates on the

endothelium contribute to inflammation, infection, and tumor progression. Although

P-selectin and anb3-integrins may bind VWF, their precise role is unclear, and additional

binding partners have been proposed. In the present study, we evaluated whether the

endothelial glycocalyx anchors VWF fibers to the endothelium. Using microfluidic

experiments, we showed that stabilization of the endothelial glycocalyx by chitosan

oligosaccharides or overexpression of syndecan-1 (SDC-1) significantly supports the

binding of VWF fibers to endothelial cells. Heparinase-mediated degradation or impaired

synthesis of heparan sulfate (HS), a major component of the endothelial glycocalyx,

reduces VWF fiber–dependent platelet recruitment. Molecular interaction studies using

flow cytometry and live-cell fluorescence microscopy provided further evidence that VWF

binds to HS linked to SDC-1. In a murine melanoma model, we found that protection of the

endothelial glycocalyx through the silencing of heparanase increases the number of VWF

fibers attached to the wall of tumor blood vessels. In conclusion, we identified HS chains as

a relevant binding factor for VWF fibers at the endothelial cell surface in vitro and in vivo.

Introduction

von Willebrand factor (VWF) is produced and stored in endothelial cells as a large multimeric protein
with a molecular weight of up to several gigadaltons.1 Various compounds, such as histamine and
thrombin, induce the instantaneous secretion of VWF from the endothelium into the blood flow, which
exposes the protein to shear stress. This leads to the elongation of VWF and thus to the formation of
adhesive fiber networks. These fibers can tether circulating platelets to the endothelium as part of the
processes of coagulation, inflammation, and tumor progression.2-5

The binding of circulating platelets is mediated by the A1 domain of VWF. This domain is hidden in
nonstretched VWF but becomes accessible after VWF elongation. The critical shear force that is
required to induce the conformational change of VWF is largely dependent on the localization of the
VWF molecule. Free-floating, plasmatic VWF is stretched at a shear rate of ;2000 s21.6 Elongation of
VWF attached to the vessel wall requires a lower shear rate of only 200 s21.5

VWF fibers are anchored to the endothelium at a few distinct spots, allowing free waving of the fiber in
the superfusing blood. P-selectin and anb3-integrins have been proposed as attachment points for
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VWF fibers on the luminal surface of the endothelium.7,8 However,
the binding of VWF to P-selectin is negligible in the presence of
physiological concentrations of calcium and magnesium.7 Although
the involvement of anb3-integrins has been clearly documented in vitro,
additional binding partners have been proposed, given that surface-
bound VWF fibers are still formed in b3-integrin knockout mice.9

Because VWF has a heparin binding site within the A1 domain,
VWF fibers may be anchored to the endothelium through electro-
static interactions with negatively charged glycosaminoglycans
(GAGs).10 GAGs are part of the endothelial glycocalyx on the
cellular surface. The composition of the endothelial glycocalyx is
highly dynamic and strongly dependent on the vessel diameter, the
vascular bed, and the surrounding microenvironment.11 However,
50% to 90% of the endothelial glycocalyx may be composed of
heparan sulfate (HS), whereas chondroitin sulfate and hyaluronan are
less abundant.11 The synthesis of HS involves a cascade of various
enzymes, such as exostosin glycosyltransferases (Ext-1 and Ext-2).
After its intracellular synthesis, HS is exposed by the membrane-
bound HS proteoglycans of 2 protein families, the syndecans (SDCs)
and the glypicans (GPs). GPs are attached to the plasma membrane
through a glycosylphosphatidylinositol anchor and comprise 6
subtypes.12 Endothelial cells express only GP-1.12 The SDC family
consists of 4 transmembrane proteins (SDC-1, -2, -3, and -4), all
expressed by endothelial cells.13 Aside from the expressional analysis
of glycocalyx-related proteins, it is challenging to directly visualize the
magnitude of the glycocalyx. In the present work, we applied label-
free atomic force microscopy (AFM) to supplement lectin-based
fluorescence staining. AFM enables the imaging of endothelial cells
under physiological buffer conditions and provides morphological
and physicochemical data with a nanometric resolution.14

Previously, it was reported that the expression of SDC-1 increases
on endothelial cells during wound healing and in tumor blood vessels.15

In the present study, we therefore applied an experimental melanoma
model in mice to investigate whether SDC-1–exposed HS chains
can anchor VWF fibers to the vessel wall. In microfluidic experiments
mimicking physiological blood flow conditions, we analyzed the
anchorage of VWF to the endothelial glycocalyx and to SDC-1 at
the cellular level. Molecular binding kinetics were measured by flow
cytometry and live-cell fluorescence microscopy.

Materials and methods

Additional information is available in the supplemental Data. All
animal experiments were approved by the governmental animal care
authorities.

In vivo experiments

Mouse ret transgenic melanoma cells, transfected with control short
hairpin RNA (shRNA) or short hairpin heparanase (shHPSE) vectors
(pRNAT-CMV3.1-Neo; GenScript USA Inc., Piscataway, NJ), were
inoculated as a cell suspension (7.5 3 105 cells per 100 mL of
phosphate-buffered saline [PBS]) intradermally to the dorsal skin
of 10-week-old female C57BL/6 mice (n 5 4 each group). After
2 weeks, the mice were euthanized, and the xenografts were
resected, weighed, and fixed in Tissue-Tek (Sakura Finetek, Staufen,
Germany) for cryosectioning.

Flow cytometry

HEK293 cells were detached from the culture flask using accutase
(PAA, Pasching, Austria). The cell suspension was washed in

PBS and incubated with enhanced green fluorescent protein–
conjugated human recombinant VWF (rhVWF; kindly provided by
R. Schneppenheim, Hamburg, Germany) for 20 min at 37°C in the
dark. To remove nonbound VWF, HEK293 cells were washed with
PBS twice and stored on ice in preparation for flow cytometry using
a BD FACSCanto II.

Microfluidic experiments

An air pressure–based pump system (IBIDI GmbH, Munich, Germany)
was used to induce laminar flow in microfluidic devices, as previously
reported.5 Briefly, human umbilical vein endothelial cells (HUVECs;
1 3 107 cells/cm2) were grown on gelatin-coated m-slides
0.2 Luer (IBIDI GmbH) for 48 hours under gentle flow (1 dyne/cm2).
Each slide was connected to the tubing of the pump system filled
with N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid (HEPES)–
buffered Ringer’s solution (140 mM of sodium chloride, 5 mM of
potassium chloride, 1 mM of magnesium chloride, 1 mM of calcium
chloride, 5 mM of glucose, and 10 mM of HEPES). The buffer
contained 50 mM of histamine, 40% washed erythrocytes, and
fluorescence-labeled platelets (4 3 106 cells per mL). Fluorescein
isothiocyanate–conjugated VWF sheep anti-human antibody (Biozol,
Eching, Germany) and Texas Red–conjugated wheat germ agglutinin
(WGA) were used to stain VWF fibers and the endothelial glycocalyx
in the course of the microfluidic experiment. Perfusion was performed
with a shear stress of 6 dyne/cm2 for 15 minutes. CellTrace calcein
red-orange– or blue–labeled (Invitrogen, Darmstadt, Germany)
platelets bound to VWF strings were detected in real time using a
fluorescence microscope equipped with 203 and 403 oil objectives
(Observer.Z1; Zeiss, Jena, Germany). Platelet-covered areas were
quantified using imageJ v1.51.

AFM

HUVECs were imaged by AFM (The Nanowizard; JPK, Berlin,
Germany) in contact mode, as previously described.16 Briefly,
HUVECs either remained untreated or were pretreated with 10 mg/mL
of chitosan oligosaccharides (COSs) for 2 hours. Before imaging,
HUVECs were fixed with 0.5% glutaraldehyde in HEPES-buffered
Ringer’s solution for 0.5 hours at room temperature. The applied
cantilevers (CSC38; Micromash, Tallinn, Estonia) were character-
ized by a spring constant of 0.03 N/m. The acting loading force was
,100 pN. Images were analyzed using Gwyddion software v2.47.

Statistical analysis

Results are expressed as means 6 standard deviations of at least
3 independent experiments. Statistical significance was proven
for multiple comparisons with 1-way analysis of variance followed
by post hoc Bonferroni correction or for pairwise comparison with
unpaired, 2-tailed Student t test. Spearman’s rank correlation test
was used to calculate the linear correlation coefficient. Calcula-
tions were conducted with SPSS software v24 and GraphPad
Prism v7.03.

Results

Stabilization of the endothelial glycocalyx by COSs

supports the formation of VWF fibers

To mimic pathophysiological conditions that facilitate VWF fiber
formation on intact endothelial cells (Figure 1A), we stimulated
HUVECs under laminar and continuous flow condition with 50 mM
of histamine and in the absence of ADAMTS13 (a disintegrin and
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metalloproteinase with a thrombospondin type 1 motif member 13).5

Under physiological conditions, ADAMTS13 inactivates VWF fibers
rapidly through proteolysis. However, decreased plasma concen-
trations of ADAMTS13 in concert with increased amounts of VWF
are found in infections and malignancy.17-19 Lack of ADAMTS13
in the tumor microenvironment has been further attributed to the
persistent development of intravascular VWF fibers in tumor blood
vessels.4

In line with previous publications,20,21 VWF fibers that were formed
in our microfluidic channels firmly bound circulating platelets,
producing a beads on a string–like configuration (Figure 1A). We
were able to directly visualize the VWF fibers on top of the endothelial
glycocalyx in real time during our microfluidic experiments through
the addition of fluorescence-labeled anti-VWF antibodies and WGA
lectins (supplemental Movies 1 and 2). Because this direct staining
approach may prevent the proper formation of VWF strings and their
hypothesized interaction with the glycocalyx, we perfused the endo-
thelial cells in our quantitative experiments only with fluorescent
platelets and no other labeling dye (Figure 1B). In those experiments,
the platelet-covered area was a measure for the amount of VWF
fibers formed on the surface of the endothelium.

To study the impact of the endothelial glycocalyx, we silenced Ext-1
expression, blocked HS by an antibody (supplemental Figure 1),
removed cell surface–exposed HS chains with heparinase-I, or
stabilized and protected the endothelial glycocalyx by pretreatment
with COSs (Figure 1). Chitosan is a naturally occurring GAG, and

we previously showed that chitosan binds heparin and interacts
with the glycocalyx of epithelial cells.22,23

In comparison with control experiments (only histamine stimulation),
the treatment of HUVECs with heparinase-I reduced the recruitment
of platelets slightly, although the effect was not statistically significant
(Figure 1B-C). A significant reduction of VWF-mediated platelet
trapping was achieved through the knockdown of Ext-1 or the antibody
blockage of HS (supplemental Figure 1A-B). In contrast, the pretreat-
ment of HUVECs with COSs increased platelet string formation
significantly (2.7- 6 0.34-fold; Figure 1 B-C). We performed VWF
enzyme-linked immunosorbent assay to confirm that the increased
VWF fiber formation on COS-treated HUVECs was not related to
an increase in VWF secretion (supplemental Figure 2). Cotreatment
of HUVECs with COSs and subsequently with heparinase prevented
the COS-increased VWF-mediated platelet adhesion. Taken together,
our findings indicate that HS is involved in the binding of VWF
and that COSs are able to stabilize the HS-mediated anchorage
of VWF fibers.

To further investigate the supposed modification of the endothelial
cell surface by COSs, we applied AFM (Figure 2A). AFM provides
nanometric-scale images and has been used to detect alterations
of the glycocalyx.24 In addition to the height information of the
sample (height image), physicochemical changes on the surface
(eg, changes in charge distribution) can be detected because they
affect the contact time between the scanning tip and the surface
(lateral deflection image).25 In topographic overview images
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Figure 1. Binding of platelets to endothelial-released VWF.

(A) Snapshot taken during a representative microfluidic experiment.

HUVECs were perfused at a constant shear stress of 6 dyne/cm2.

VWF release was induced by 50 mM of histamine, and adhering

fluorescent platelets (false color-coded in white) were tracked by

fluorescence microscopy. VWF fibers (green) were stained with a

FITC-conjugated antibody during the experiment. Scale bar, 100 mm.

(B) VWF-mediated binding of platelets (white) to the endothelium.

The endothelial gylcocalyx was manipulated through treatment with

heparinase-I (hep’nase), COS, or both compounds (COS 1 hep’nase).

Only histamine-treated HUVECs were used as control (CTL). Scale

bar, 100 mm. (C) Quantitative evaluation of the VWF-dependent

platelet coverage (n 5 3-9). *P # .05, **P # .01 (1-way analysis of

variance and Bonferroni post hoc test). rel., relative.
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(Figure 2A height image), we found that the treatment of HUVECs
with COSs had no effect on general cell morphology. Furthermore,
we also did not detect significant topographic alterations at the
cellular surface at higher magnifications (Figure 2Ai-ii height image).
However, at higher resolution using the lateral deflection mode
(Figure 2Ai-iv lateral deflection image), we detected COS-induced
alterations at the cellular surface, indicating a modification of the
endothelial glycocalyx (Figure 2A white circle).

To further investigate the relevance of the endothelial glycocalyx
in the anchorage of VWF fibers, we performed additional
immunofluorescence-staining experiments on HUVECs (Figure 2B).
The endothelial glycocalyx and VWF fibers were detected using
Texas Red–conjugated WGA and a fluorescein isothiocyanate–
labeled anti-VWF antibody, respectively. Figure 2B shows that VWF
fibers were attached to endothelial cells. The endothelial glycocalyx
was found to be nearly homogeneously distributed across the
cellular surface, whereas pronounced levels were apparent at
cellular junctions and at distinct spots on the cellular body (Figure 2B).
Some distinct endothelial glycocalyx spots colocalized with VWF
fibers (supplemental Figure 3), suggesting the glycocalyx-mediated
anchorage of VWF.

However, more intriguing was the lack of WGA staining below VWF
fibers that were in close proximity to the cellular surface (Figure 2B).
The lack of staining might suggest that HS chains, in principle
recognizable by WGA, are inaccessible because of their interaction
with the VWF fibers. In line with our AFM data, HS staining was
more pronounced on cells treated with COSs, confirming the
stabilization of the endothelial glycocalyx. Quantitative evaluation of
the VWF staining revealed 3.6 6 0.61 times as many VWF fibers
on COS-treated cells, indicating the better anchorage of VWF
(Figure 2C). To further support our hypothesis of the endothelial

glycocalyx–mediated tethering of VWF fibers, we performed addi-
tional in vivo experiments using an experimental melanoma model.

Colocalization of VWF and SDC-1 in vivo

Evidence of VWF fibers in vivo is rare.26 One of the first experimental
proofs of extended VWF fiber networks was described in inflamed
liver vessels.27 Recently, we reported the formation of VWF fiber
networks in the lumen of blood vessels in malignant melanoma.4

Therefore, to obtain a quantifiable in vivo model, we generated
primary tumors in mice by injecting ret transgenic melanoma cells
intradermally into the dorsal skin. Substantial melanoma mass
developed within 2 weeks, and tumors were dissected for ex vivo
analysis. Our investigation focused on SDC-1, because previous
reports suggested its upregulation in tumor blood vessels in connec-
tion to angiogenesis and vessel maturation.15,28,29

To further point out the potential contribution of SDC-1 in the
anchorage of VWF, we investigated the coexpression of VWF
and SDC-1 in tumoral and peritumoral tissues. Figure 3A shows a
tissue cryosection stained for SDC-1 (red) and VWF (green). In
peritumoral vessels, VWF is stored within the endothelial cells,
indicating a nonactivated endothelium (Figure 3B). Moreover, there
is a considerable amount of SDC-1 at the vessel wall, which
colocalizes with VWF (Figure 3B). Quantitative analysis revealed
a significant linear correlation between the expression of SDC-1
and VWF (Figure 3C). The coexistence of SDC-1 and VWF was
further proven on the transcriptional level using public data
representing 479 patients with melanoma provided by cBioPortal
(Figure 3D).30,31

However, to prove that SDC-1–linked HS anchors VWF, we
compared control melanoma cell (shCTL) tumors with shHPSE-
deficient melanoma cell tumors (Figure 4A-B).32 HPSE is capable
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Figure 2. COS-induced modification of the endothelial

glycocalyx promotes VWF binding. (A) Surfaces of HUVECs,

treated with COSs (2mg/mL) or untreated (CTL), imaged by

AFM. Height images provide 3-dimensional topography of the

cellular surface. The height is false color coded. Black corre-

sponds to a height of 0 mm and white to a height of 2 mm.

Overview images are further magnified as indicated by square

regions (i-ii). Corresponding lateral deflection images show the

interaction between the scanning tip and the cellular surface in

the depicted areas (i-ii). Further magnification of the lateral

deflection images indicate an increased lateral deflection (white

circle) on HUVECs treated with COSs in comparison with

nontreated cells (CTL) (iii-iv). Scale bars, 1 mm. (B) Fluorescence

microscopic analysis of the endothelial glycocalyx (red) and

anchored VWF fibers (green). Cell nuclei are labeled in blue.

The endothelial glycocalyx staining was more pronounced in

COS-treated HUVECs. The lack of the endothelial glycocalyx

staining beneath VWF fibers, which were in close proximity to the

HUVEC surface, indicates an occupation of the HS chains by

VWF. Scale bars, 10 mm. (C) Quantitative evaluations of

VWF fluorescence staining of at least 10 fields of view of

3 independent experiments. **P # .01 (Student t test).

2350 KALAGARA et al 25 SEPTEMBER 2018 x VOLUME 2, NUMBER 18

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/2/18/2347/1629263/advances013995.pdf by guest on 08 June 2024



of trimming HS chains from proteoglycans such as SDC-1.33

Furthermore, the removal of HS chains by HPSE strongly
enhances proteolytic SDC-1 shedding caused, for example, by
matrix metalloproteases (MMPs).34,35 Accordingly, we suggest
that silencing HPSE increases the ability of VWF to bind the
endothelial glycocalyx and thus in turn increases the binding
of VWF fibers. We found more SDC-1 in the blood vessels
of shHPSE tumors compared with those of shCTL tumors,
indicating that the HPSE-related shedding of SDC-1 is reduced
when HPSE is silenced (Figure 4C left). In contrast, the average
content of VWF per blood vessel was not significantly affected in
either group (Figure 4C right).

To determine whether the presence of SDC-1 on the endothelium
promotes the binding and accumulation of luminal VWF fiber networks,

we compared tumor blood vessels in shCTL and shHPSE tumors
(Figure 4A-B). The representative images indicate that the luminal
distribution of VWF fiber networks was drastically affected when
the shedding of SDC-1 was compromised (shHPSE). Quantitative
analysis confirmed significantly more VWF networks bound to
the vessel wall of shHPSE tumors compared with shCTL tumors
(Figure 4D).

Although these findings already suggest the interaction between
SDC-1 and VWF fiber networks, we aimed to translate the in vivo
findings into our microfluidic setup. The transcriptional expression
of SDC-1 in cultured HUVECs is low compared with the levels of
SDC-2 to -413 (supplemental Figure 4). Therefore, to mimic pathophys-
iological conditions, we overexpressed SDC-1 in HUVECs by lentiviral
transduction.
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Figure 3. Coexpression of SDC-1 and VWF in

melanoma tissue. (A) Representative overview image

of a tumor tissue section comprising the primary

melanoma and adjacent peritumoral skin. The image

was assembled from 156 single immune fluorescence

images. Scale bar, 2 mm. The white box marks a skin

blood vessel adjacent to the melanoma tissue. The

corresponding magnification is depicted in panel B.

VWF is shown in green, SDC-1 in red, and cell nuclei in

blue. Scale bar, 100 mm. (C) Colocalization of SDC-1

and VWF was quantified in 1649 blood vessels. The

dashed line indicates the linear correlation between the

expression of VWF and SDC-1. R2 5 0.87; P , .0001

(Spearman’s rank correlation). (D) Transcription analysis

confirms correlation of SDC-1 and VWF expression

in primary tumors of 479 patients with malignant

melanoma. *P # .05, **P # .01 (1-way analysis of

variance and Bonferroni post hoc test). mRNA,

messenger RNA; RFU, relative fluorescence unit.
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SDC-1 promotes VWF fiber–mediated platelet

binding in vitro

The expression and subcellular localization of SDC-1 after lentiviral
transduction were confirmed by immunofluorescence staining
(Figure 5A). In agreement with our quantitative reverse transcription
polymerase chain reaction data, we detected only low levels of
SDC-1 in HUVECs transfected with an EV. In contrast, there were
substantially higher levels of SDC-1 on HUVECs transfected with
the SDC-1 vector (SDC-11), and SDC-1 appeared in small clusters
on the cellular surface (Figure 5A). We observed the increased
clustering of SDC-1 at distinct points, frequently colocalizing with
VWF fibers (Figure 5Amagnified view). Analysis of the supernatants
of HUVECs after stimulation with thrombin or histamine indicated
that the overexpression of SDC-1 affected neither the reactivity of
HUVECs nor the amount of VWF released (supplemental Figure 5).

Flow experiments were used to quantitatively confirm that the
expression of SDC-1 promotes the binding of VWF fibers. Represen-
tative images acquired during live experiments show a pronounced
formation of platelet strings on SDC-11 HUVECs compared with
the EV control (Figure 5B). On average, the area covered by

platelets was 2.26 0.27 times higher than in EV-transfected HUVECs.
Treatment with heparinase-I reduced platelet binding to VWF fibers
by 32.3% 6 6.94%, confirming that the binding induced by SDC-1
was dependent on HS (Figure 5C).

Colocalization of SDC-1 and VWF

In the next set of experiments, we aimed to visualize and quantify the
interaction between SDC-1 and VWF. We therefore generated
SDC-11 HEK293 cells by expressing recombinant human SDC-1
fused to the red fluorescent protein DsRed. In comparison with
EV-transfected cells, we measured a 26.4- 6 7.11-fold elevated
SDC-1 expression. The expression of SDC-2, SDC-3, or SDC-4
was not affected by the genetic manipulation (supplemental
Figure 6). The binding of exogenously added enhanced green
fluorescent protein–tagged rhVWF to the surface of HEK293
cells was documented by fluorescence microscopy (Figure 6).
We observed a clear colocalization of surface-bound VWF and
the membranous SDC-1 (Figure 6A). For quantitative evaluation,
we used flow cytometry. Here, the EV-transfected HEK293 cells
showed only minor VWF-related fluorescence, whereas we detected
a dose-dependent increase in VWF levels on the surface of SDC-11
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vessel wall in shCTL and shHPSE tumors (n 5 4). Differences

in signal levels were expressed as change in MFI (DMFI).

*P # .05, **P # .01 (Student t test).
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HEK cells. Our measurements allowed us to estimate a dissociation
constant (Kd) of ;180 nM (Figure 6B). The affinity of binding
between GPIba and the isolated A1 domain of VWF was
comparable in magnitude (;30 nM),36 suggesting a plausible
interaction between SDC-1 and VWF. The impact of HS was
proven through the action of heparinase-I and the addition of
unfractionated heparin, both of which reduced the amount of
bound VWF. In line with the data shown in Figures 1 and 2, treatment
with COSs promoted VWF tethering, whereas cotreatment with
heparinase abolished this effect (Figure 6C).

Discussion

In the present study, we identified the endothelial glycocalyx and
more specifically HS chains exposed at the endothelial surface by
proteoglycans such as SDC-1 as binding partners for VWF fibers.
The endothelial glycocalyx has been proposed as a VWF anchorage

point,10 and binding of the chemically related heparin to the A1
domain of VWF has often been reported.37-40

Pathophysiological cooperation between SDC-1 and VWF has
been documented in the liver of Bacillus anthracis–infected mice.27

Vessel occlusions were related to the binding of platelets to
VWF and endothelial-derived SDC-1 colocalized with thrombi in the
central liver vein. However, these results prevent clear mechanistic
conclusions, because the moribund animals experienced severe
disseminated intravascular coagulation and extensive endothelial
cell damage. We propose that the anchorage of VWF to endothelial
SDC-1 is an early and temporary event, which occurs immediately
after endothelial cell activation (Figure 7). Prolonged or excessive
stimulation of the endothelium leading to endothelial cell damage
also promotes the proteolytic removal of SDC-1 from the endothelial
surface and may therefore counteract VWF anchorage.41

We generated primary melanomas characterized by well-defined
disease progression and active luminal VWF secretion from the
endothelium.4,42 Our previous studies already suggested potential
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below. Scale bars, 10 mm. SDC-1 is shown in red, VWF in green, and nuclei in blue.

(B) Endothelial SDC-1 promotes the VWF-mediated binding of platelets. HUVECs

transfected with an EV control or with an SDC-1 vector (SDC-11) were

perfused at a constant shear stress of 6 dyne/cm2. VWF release was induced

by 50 mM of histamine, and adhering fluorescent platelets were followed by

fluorescence microscopy. Where indicated, the endothelial glycocalyx was

trimmed by heparinase-I (hep’nase). Scale bar, 100 mm. (C) Quantitative

evaluation of the VWF-dependent platelet coverage (n 5 11). **P # .01

(1-way analysis and Bonferroni post hoc test).
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Figure 6. Interaction between recombinant VWF and recombinant SDC-1

exposed by HEK293 cells. (A) Fluorescence microscopic images of cells

expressing human rhSDC-1 fused to the red fluorescent protein DsRed (SDC-11)

were incubated with or without 20 mg/mL of enhanced green fluorescent protein

(eGFP)–labeled human VWF. HEK293 cells that were transfected with an EV served

as a control. Scale bar, 10 mm. Inset shows the colocalization between the VWF

and membranous SDC-1. (B) Flow cytometric measurement of the dose-dependent

binding of VWF to SDC-11 and EV cells (n 5 3). (C) Binding of VWF to HEK cells

in the presence of unfractionated heparin (UFH) or after manipulation of the

glycocalyx with heparinase (hep’nase) and/or COS (n 5 3-9). **P # .01

(1-way analysis of variance and Bonferroni post hoc test).
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cross talk between VWF and the endothelial glycocalyx because
therapy with the low molecular–weight heparin tinzaparin blocked
the formation of VWF fiber networks in tumor-bearing mice. Sup-
pressed fiber formation was associated with a reduced tumor-cell
progression, underlining the potential biological relevance of an
endothelial glycocalyx–mediated anchorage of VWF. To further
characterize the role of the endothelial glycocalyx and, more
specifically, of HS on the binding of VWF fibers, we used
melanoma-cell tumors deficient in HPSE. Lack of HPSE increased
the levels of endothelial SDC-1 and concomitantly the number of
vessel wall–attached VWF fibers (Figure 4).

Because our ex vivo analysis focused on SDC-1, we can only
speculate about the effect of other proteoglycans. For instance,
SDC-4 may additionally contribute to VWF anchorage. The lack of
SDC-1 in SDC-12/2 mice is compensated by other proteoglycans
such as SDC-4, indicating that the glycocalyx system is strongly
redundant.43 We also did not investigate the impact of other
potential VWF binding partners, such as integrins. Interestingly,
the treatment of SDC-11 HUVECs with heparinase-I (Figure 5)
significantly reduced the binding of platelets but did not reduce the
formation of VWF-platelet strings down to control levels. These
data suggest the existence of additional HS-independent binding
mechanisms. Indeed, SDC-1 directly activates anb3-integrins via a

defined peptide sequence within the SDC-1 protein, independently
of HS.44 Whether such activation could synergistically contribute to
the direct anchorage of VWF fibers is still unclear but is a subject of
our current research.

To provide further evidence for the direct interaction between
SDC-1 and VWF, we overexpressed human recombinant SDC-1 in
HEK293 cells and measured the binding of exogenously added
VWF by flow cytometry and live-cell fluorescence microscopy
(Figure 6). Similar to the experiments with HUVECs, COSs were
able to support the anchorage of VWF. However, shedding of HS
by heparinase was more efficient to attenuate VWF binding than in
the experiments with HUVECs, suggesting a different cell type–
dependent composition or stability of the glycocalyx.

Although the knowledge on the endothelial glycocalyx is steadily
increasing, systematic research comparing different vascular beds,
different physiological conditions, and temporal remodeling is to our
knowledge still missing.45 Because this lack of knowledge may
impede clear mechanistic conclusions from in vivo experiments, we
used in vitro microfluidic devices to analyze the molecular basis of
the VWF fiber anchorage. However, the endothelial glycocalyx is
supposed to be rapidly degraded in vitro.46 It has been assumed
that the glycocalyx of cultured endothelial cells measures only
several nanometers, whereas in vivo, the thickness of the endothelial
glycocalyx may range in the micrometer scale.47 Accordingly, it is
not surprising that the heparinase treatment of wild-type HUVECs
showed only a small effect (Figure 1). To strengthen the conclusions
of our in vitro experiments, we therefore increased the stability of the
endothelial glycocalyx by COSs.

COSs are slightly positively charged at physiological pH and may
bind to the negatively charged endothelial glycocalyx via electro-
static interactions.22 To prove the presence of COSs at the
endothelial layer and indicate a modification of the cellular surface,
we used AFM. This imaging technique has been established by
material scientists to detect, for example, charge distributions on
nonbiological surfaces.48 Although the physicochemical character-
ization of biological samples by AFM is less frequently reported,49-51

we selected this method because the direct detection of cell-bound
COSs by fluorescence microscopy failed (data not shown). AFM
enabled us to measure an increased friction between the scanning
probe and the endothelial cell surface after treatment with COSs
(Figure 2A lateral deflection image). The applied loading force was
minimal, suggesting that the increased friction was not related to a
changed morphology but rather to locally restricted alterations of
the charge distribution at the outer cellular surface. According to
the counterion condensation theory, COS binding to the endothelial
glycocalyx should not reduce the effective negative charge of the
cellular surface.52,53 However, it may protect the HS chains against
degradation by mammalian HPSE during cell culture. Interestingly,
the cotreatment of cells with COSs and the bacterial heparinase-I
abrogated the protective effect of COSs (Figures 1C and 6C).
Although this further indicates that the action of COSs is HS
mediated, additional research on the glycocalyx-promoting mech-
anisms and the putative blockage of enzymatic degradation is
required. Chitosan was also shown to directly inhibit the activity of
proteoglycan-degrading MMPs,54 which may also account for an
improved stability of the glycocalyx.

Protection of the endothelial glycocalyx may offer a valuable
therapeutic strategy to support vascular integrity during acute or

coagulation

coagulation

•    HPSE
•    MMP-9

Immune cell recruitment

endothelial cell

platelet

VWF

SDC-1

Immune cell

Figure 7. Proposed model aligning the obtained data to recent literature.

VWF fibers are tethered to SDC-1 as part of the endothelial glycocalyx. Platelets

are trapped by the VWF fibers and further activated in the course of coagulation

(eg, through thrombin). Platelet-derived MMPs and HPSE are able to shed the

endothelial glycocalyx. Soluble SDC-1 prevents further blood clotting, whereas the

endothelial glycocalyx–free endothelial layer promotes the recruitment of immune cells.
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chronic vascular injuries.55 Therefore, it might be of interest to show
the potential of COSs as therapeutic agents to counteract vascular
diseases such as reperfusion injury or bacteremia.

Figure 7 summarizes our findings and proposes a new molecular
and mechanistic model in the light of recent literature. We showed
that endothelial SDC-1 allows the local formation of platelet-
decorated VWF fibers after acute stimulation (eg, by thrombin).
Others have documented that thrombin can further activate
VWF-bound platelets through PAR-1 or PAR-4 signaling.56 More-
over, it is known that activated platelets release a plethora of effector
molecules, including MMPs and HPSE.57-60 These enzymes have
been shown to orchestrate the shedding of endothelial SDC-1,
leading to the release of soluble SDC-1 fragments.35,61 These
fragments can prevent extended blood clotting, which may help to
maintain blood flow in the affected vasculature.41 Blood flow is required
to deliver immune cells to corresponding blood vessel sections, as a
prerequisite for their site-specific recruitment. Additionally, because
MMP- and HPSE-mediated shedding of the endothelial glycocalyx
converts the endothelium into a proadhesive cell layer, immune cells
can attach to and further infiltrate the tissue.62

In conclusion, we showed that endothelial SDC-1 facilitates the
tethering of VWF fibers to the endothelium after acute stimulation in
vitro or in the context of tumor-associated thrombosis. Surprisingly,
little is known about the impact of surface-bound naturally occur-
ring heparin/HS on blood clotting. Therefore, further research is
required to better understand the cross talk between coagulation
and bioactive carbohydrates. Detailed knowledge of the underlying
molecular mechanisms will guide the tailor-made design of novel

therapeutic heparins or heparin-like molecules with defined thera-
peutic actions, specifically blocking or promoting the anchorage of
VWF fibers to blood vessel walls.
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