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Abstract

Background: The von Willebrand factor (VWF) is a multimeric plasma glycoprotein

essential for hemostasis, inflammation, and angiogenesis. The majority of VWF is

synthesized by endothelial cells (ECs) and stored in Weibel–Palade bodies (WPB).

Among the range of proteins shown to co-localize to WPB is angiopoietin-2 (Angpt-2), a

ligand of the receptor tyrosine kinase Tie-2. We have previously shown that VWF itself

regulates angiogenesis, raising the hypothesis that some of the angiogenic activity of

VWF may be mediated by its interaction with Angpt-2.

Methods: Static-binding assays were used to probe the interaction between Angpt-2

and VWF. Binding in media from cultured human umbilical vein ECs s and in plasma

was determined by immunoprecipitation experiments. Immunofluorescence was used

to detect the presence of Angpt-2 on VWF strings, and flow assays were used to

investigate the effect on VWF function.

Results: Static-binding assays revealed that Angpt-2 bound to VWF with high affinity

(KD,app �3 nM) in a pH and calcium-dependent manner. The interaction was localized to

the VWF A1 domain. Co-immunoprecipitation experiments demonstrated that the

complex persisted following stimulated secretion from ECs and was present in plasma.

Angpt-2 was also visible on VWF strings on stimulated ECs. The VWF–Angpt-2 com-

plex did not inhibit the binding of Angpt-2 to Tie-2 and did not significantly interfere

with VWF-platelet capture.

Conclusions: Together, these data demonstrate a direct binding interaction between

Angpt-2 and VWF that persists after secretion. VWF may act to localize Angpt-2;

further work is required to establish the functional consequences of this interaction.
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Essentials

• von Willebrand factor stored in Weibel–Palade bodies

(WPBs) mediates angiogenesis.

• A range of proteins including angiopoietin-2 (Angpt-2)

are also stored in WPBs.

• Angpt-2 binds with high affinity to the VWF A1 domain

and remains complexed to VWF upon endothelial

secretion.

• Angpt-2 binding to VWF has no impact on the VWF-

platelet capture function.

2 - MOBAYEN ET AL.
1 | INTRODUCTION

The von Willebrand factor (VWF) is a large multimeric plasma glyco-

protein that performs 2 roles essential to normal hemostasis; first,

acting as the carrier molecule for procoagulant Factor VIII (FVIII) and

second, supporting platelet adhesion at the sites of vascular injury

[1,2]. The majority of plasma VWF is synthesized by endothelial cells

(ECs) and is stored in Weibel–Palade bodies (WPB), which are

released constitutively or available for release in response to endo-

thelial stimulation [3]. Although the formation of WPB within EC is

dependent on the presence of VWF, numerous other proteins have

been shown to co-localize to WPB, including P-selectin, angiopoietin-2

(Angpt-2), FVIII, interleukin 8 (IL-8), eotaxin-3, endothelin, CD63,

α1,3-fucosyltransferase VI, tissue-type plasminogen activator, osteo-

protegerin (OPG), and IGFBP-7 and in some cases this is dependent on

a binding interaction with VWF [4–14]. Indeed a number of recent

studies have shown that several of the proteins targeted to WPB,

namely, IL-8, P-selectin, and OPG, bind to VWF under the low pH and

high calcium conditions understood to prevail in the Golgi apparatus

[5,15,16]. Because the binding between VWF and other WPB con-

stituents may persist after VWF exocytosis, this interaction may have

important functional implications beyond co-localization and co-

release [5,16,17].

This relationship is of particular relevance to Angpt-2 because

in vitro and in vivo evidence has demonstrated that VWF regulates

angiogenesis [18,19]. In vitro, inhibition of VWF expression by siRNA

in human umbilical vein ECs (HUVECs) enhanced angiogenesis and

increased vascular endothelial growth factor (VEGF)-dependent

migration and proliferation of ECs, and enhanced Matrigel tube for-

mation. In vivo, multiple studies have shown increased vascularization

in VWF-deficient mice, both in baseline conditions such as the skin of

the ear [18], and in response to ischemia in the brain [20]. Lack of

VWF expression in HUVECs resulted in an increase in Angpt-2 levels

in the culture media [18], suggesting that normal VWF expression has

a role in targeting Angpt-2 to storage within EC and regulating its

release. It is therefore important to understand the nature of the

VWF–Angpt-2 interaction and its implications for Angpt-2 and VWF

function.

Angpt-2 is a ligand for the endothelial tyrosine kinase receptor

Tie-2 for which it competes with its counterpart Angpt-1 [21]. Initially,

it was understood that binding of Ang1 to Tie-2 maintained a quies-

cent endothelium and that Angpt-2 acted as an antagonist of Tie-2

[22], but recent studies suggest that the action of Angpt-2 is

contextual, promoting angiogenesis in the presence of VEGF but

inducing vessel regression in its absence [23]. Binding to VWF may

provide an additional important context for Angpt-2 function by

localizing it to the endothelial surface and modulating its interaction

with Tie2.

We now report that Angpt-2 is able to bind to VWF in a calcium-

and pH-dependent manner, consistent with binding in the Golgi, and

that this interaction is maintained at physiological pH following WPB

exocytosis and persists in plasma. Furthermore, we demonstrate that
binding of Angpt-2 to VWF does not alter its ability to bind to Tie-2

nor does it significantly affect the platelet capture potential of VWF.
2 | MATERIALS AND METHODS

2.1 | Expression and purification of proteins

Recombinant Angpt-2 and Tie-2–Fc were purchased from R&D Sys-

tems. Plasma-derived (pd) VWF was purified by gel filtration chro-

matography from Haemate P as previously described [24]. Full-length

(FL) recombinant VWF, deletion (Δ) A1 and A3 variants, and a panel of

VWD type 2B, 2M and 2A variants were generated using site-directed

mutagenesis and expressed in HEK293T. A VWF composite variant

containing 6 mutations in the A1 domain heparin-binding region

(Arg1334Ala, Lys1335Ala, Arg1336Ala, Arg1341Ala, Arg1342Ala, and

Lys1348Ala) termed VWF-6A was generated using sequential muta-

genesis and also expressed in HEK293T cells. VWF variants: A1 (res-

idues 1238-1493), A2 (1498-1671), A1CK (residues 1260-2813),

A2CK (1472-2813), and A3CK (1671-2813), were constructed using

standard molecular biology techniques in the mammalian expression

vector pcDNA3.1 and expressed in HEK293T cells and purified by

Nickel affinity chromatography.
2.2 | Static-binding assays

Maxisorp plates (Nunc) were coated with pdVWF at a final concen-

tration of 20 μg/mL in carbonate buffer (pH 9.6) overnight at 4◦C.
Wells were washed 3 times in phosphate-buffered saline supple-

mented with 0.1% Tween-20 (phosphate-buffered saline [PBS-T]) and

then blocked with 2% bovine serum albumin (BSA). To determine the

effect of pH and calcium on the interaction, Angpt-2 was diluted to a

final concentration of 10 nM in 20 mM Bis–Tris with varying pH

(5–7.4) and CaCl2 (0–100 mM) for 60 minutes at room temperature.

Bound Angpt-2 was detected with biotinylated anti-Angpt-2 (R&D

systems) followed by streptavidin–horse radish peroxidase (HRP).
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SIGMAFAST OPD was added to the wells and the reaction stopped

with 2 M H2SO4 and the absorbance was recorded at 492 nm. All

subsequent binding assays were performed in Bis–Tris pH 6.5 with 10

mM CaCl2. To derive the KD,app for the interaction, VWF-coated wells

were incubated with increasing concentrations of Angpt-2 and fitted

to the one-site binding equation using Prism Software for Science

software package (Version 7.0; GraphPad Software). In reciprocal

assays, Maxisorp plates were coated with 50 nM Angpt-2 and

following washing and blocking, incubated with increasing concen-

trations of VWF. Bound VWF was detected with polyclonal anti-VWF-

HRP (Dako). To establish the region of VWF responsible for the

interaction, Angpt-2-coated wells were incubated with 30 nM of each

VWF construct. Bound VWF was detected with rabbit anti-VWF

(Santa Cruz) directed against C-terminal residues 2514-2813, and

goat antirabbit-HRP secondary antibody (Dako). All wash and anti-

body incubation steps were performed using PBS-T pH 7.4. No effect

of performing washing or antibody steps using 20 mM Bis–Tris,

Tween-20 0.1% (v/v) was observed (data not shown).
2.3 | Co-immunoprecipitation of VWF and Angpt-2

from HUVEC culture media and plasma

HUVECs were cultured as previously described in 6 well plates and

where stated stimulated with tumor necrosis factor-alpha (TNFα;

Sigma) for 4 hours and 100 μM histamine for 15 min. Plasma samples

were obtained from healthy volunteers not taking any medication. For

immunoprecipitation, 1.5 mL of HUVEC media or plasma were pre-

cleared with EZview protein G agarose (Sigma) overnight at 4◦C. The
precleared samples were then immunoprecipitated with Tosyl-

activated M-280 Dynabeads or Protein G Dynabeads, coupled to

polyclonal anti-VWF, anti-Angpt-2, or irrelevant IgG antibodies ac-

cording to manufacturer’s instructions, for 3 hours at room temper-

ature. Beads were washed 5 times with PBS-T and bound proteins

eluted with 2 × LDS buffer (Invitrogen) supplemented with 3% (v/v)

beta-mercaptoethanol and heating at 90◦C for 15 min. Eluted proteins

were run through 4%–12% SDS-PAGE gels (Invitrogen), followed by

Western blotting and probing with specific antibodies. To determine

the proportion of plasma Angpt-2 bound to plasma VWF, plasma

Angpt-2 was analyzed by Angpt-2 ELISA (R&D systems) before and

after immunoprecipitation with anti-VWF antibodies.
2.4 | Tie-2 binding assay

pdVWF (10 μg/mL) was incubated with 10 nM Angpt-2 in 20 mM Bis–

Tris, 10 mM CaCl2, pH 6.5 for 60 minutes at room temperature in a

final volume of 500 μL. 1 M Tris pH 9.0 was then added to raise the pH

to 7.4; and 100 ng recombinant Tie-2-Fc (R&D Systems) was added to

the reaction and incubated for a further 60 minutes at room tem-

perature. Complexes were immunoprecipitated by the addition of 50

μL Protein G Dynabeads (Invitrogen) for 15 min, followed by 3 washes

with PBS-T. Proteins were eluted and analyzed as described.
2.5 | Immunofluorescence microscopy

To visualize Angpt-2 on VWF strings, HUVECs were treated with 10

ng/mL Angpt-2 for 4 hours and then stimulated with 100 μM hista-

mine for 5 min, prior to fixation and staining. Immunofluorescence

microscopy was performed as described previously [18].
2.6 | siRNA knock down of Angpt-2 in HUVECs

HUVECs were obtained from Lonza and cultured in endothelial

growth media-2 as previously described [18]. Cells were used between

passages 2–4. For siRNA knock down, cells were seeded in 6 well

plates until 70% confluent and then transfected with either AllStars-

negative control scrambled siRNA (Qiagen) or siRNA directed

against Angpt-2 (Santa Cruz) at a final concentration of 10 nM using

lipofectamine 3000 (Invitrogen).

To examine the effect of Angpt-2 knock down on platelet capture;

24 hours post transfection, cells were washed and detached and

seeded into Ibid VI0.4 channel slides and the remainder into the wells

of a 12-well plate. Twenty-four hours post seeding, the cells were

treated with 10 ng/mL TNFα for 4 h, then cells in Ibidi VI0.4 (Ibidi)

slides were further stimulated with 100 μM histamine for 3 minutes to

induce VWF release and perfused with washed platelets and red blood

cells containing DiOC6 to render platelets fluorescent. Platelet binding

to VWF strings was visualized in real time and analyzed off-line using

ImageJ software. In addition, the cells from the 12-well plate were

detached and pelleted, and then lysed with 100 μL RIPA buffer. Equal

amounts (10 μg) were electrophoresed through 4%–12% SDS-PAGE

gels and then Western blotted onto nitrocellulose membranes, and

membranes were blocked with 5% powdered milk in 0.1% PBS-Tween.

Angpt-2 was detected with polyclonal goat anti-Angpt-2 antibodies

(R&D systems) at 1 μg/mL and rabbit anti-goat-HRP antibodies.

β-actin was detected using mouse anti-β-actin antibodies and anti-

mouse-HRP.
2.7 | Platelet adhesion to VWF–Angpt-2 complexes

under shear stress

Ibidi VI0.1 flow chamber slides were coated with pdVWF at a final

concentration of 30 μg/mL overnight in carbonate buffer. Following

washing and blocking with 2% BSA, some channels were incubated

with 10 nM Angpt-2 in 10 mM Bis–Tris, 10 mM CaCl2, pH 6.5 for 60

min. Binding of Angpt-2 to VWF in these channels was confirmed by

the addition of biotinlayted anti-Angpt-2 and the subsequent addition

of streptavidin–HRP and OPD substrate (data not shown). Washed

platelets labeled with 10 μM DiOC6 and washed red blood cells

prepared as previously described were perfused through the channels

at 1000/s and the real-time movies captured after 5 minutes of flow

and the number of platelets captured and the translocation velocity of

platelets over 20-second periods were analyzed off-line using ImageJ

software as previously described [25].
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2.8 | Statistical analysis

Data analysis was performed using the Prism Software. Results are

expressed as means ± SEM. The statistical significance of differences

between the 2 groups was assessed using one-way analysis of

variance.
3 | RESULTS

3.1 | Angpt-2 binds to VWF in a calcium- and pH-

dependent manner

We first examined the interaction of Angpt-2 with VWF using plate-

binding assays over a pH range from 5 to 7.4. Angpt-2 (10 nM)

bound to immobilized VWF in a pH-dependent manner, with binding

increasing up to a maximum at pH 6.5 and then decreasing as the pH

was raised further (Figure 1A). We then investigated binding in the

presence of increasing calcium concentrations from 0 to 60 mM and

observed maximal binding at 10 mM calcium (Figure 1B). Similar to

the previously published data for the interaction of OPG with VWF

[16], these data are consistent with Angpt-2 interacting with VWF in

the Golgi body, where the pH is acidic and the calcium concentration

is elevated.
3.2 | Angpt-2 binds predominantly to the VWF A1

domain with high affinity

Using the determined optimal binding conditions, plate-bound VWF

was incubated with increasing concentrations of Angpt-2 at pH 6.5

with 10 mM CaCl2. Angpt-2 bound to VWF with high affinity; KD,app =

5.1 ±0.4 nM (Figure 2A). When binding assays were repeated with

Angpt-2-coated wells and VWF in solution, a similar KD,app was
derived: 3.1 nM ± 0.2 nM (Figure 2B), indicating that VWF confor-

mation does not influence the interaction. To establish the region of

VWF involved in the interaction, microtiter plates were coated with

Angpt-2 and incubated with a panel of VWF variants. The ΔA3 and A1-

CK constructs bound to Angpt-2 in a comparable fashion to both

plasma purified and recombinant FL VWF (Figure 2C). However, the

ΔA1, A2-CK, A3-CK constructs showed significantly reduced binding

(Figure 2C). Moreover, binding occurred between the isolated VWF

A1 domain and Angpt-2, but no binding was observed to the isolated

VWF A2 domain (Figure 2D). Together, these data demonstrate that

Angpt-2 binds predominantly to the VWF A1 domain.
3.3 | Mutations in the VWF A1 domain but not the

A2 domain have decreased Angpt-2 binding

To further investigate the binding of Angpt-2 to VWF, a panel of re-

combinant VWF proteins with known type 2B, 2M, and 2A VWD-

causing mutations were generated and screened for binding to

Angpt-2. Interestingly, the majority of the type 2M (red bars) and 2B

variants (blue bars) tested had significantly reduced binding to Angpt-

2 (Figure 3Ai). The Pro1467Ser variant, which affects the ristocetin-

binding site but not VWF function [26], did not affect Angpt-2

binding. Additionally, the VWF-6A variant, which contains 6 muta-

tions in the heparin-binding region of VWF located in the A1 domain,

did not alter Angpt-2 binding to VWF (Figure 3Aii). In contrast, the

type 2A variants, except for the Ser1613Pro variant, all had similar or

in some cases significantly enhanced binding to Angpt-2 (Figure 3B).

These data are consistent with the Angpt-2-binding site being located

within the VWF A1 domain but distinct from the heparin-binding site.

Mapping the panel of type 2M and 2B variants onto the crystal

structure of the A1 domain, however, did not reveal a distinct binding

site, suggesting that mutations in the A1 domain disrupt the overall

structure, leading to defective Angpt-2 binding (Figure 3C).
F I GUR E 1 Angpt-2 binds to VWF

in a pH and calcium-dependent

manner. Immobilized VWF was

incubated with 10 nM Angpt-2 at

different pH (A) and increasing CaCl2

concentrations (B). Bound Angpt-2

was detected with biotinylated

mouse anti-Angpt-2 and

streptavidin–HRP conjugated

antibodies. (Error bars represent

mean ± SEM of 3 experiments

performed in duplicate). HRP, horse

radish peroxidase; VWF, von

Willebrand factor.



F I GUR E 2 Angpt-2 binds to the VWF A1 domain, and binding

is not dependent on VWF conformation. (A) Immobilized VWF

(20 μg/ml) was incubated with increasing concentrations of

Angpt-2 in 20 mM Bis–Tris pH 6.5/10 mM CaCl2. Bound

Angpt-2 was detected with biotinylated mouse anti-Angpt-2 and

streptavidin–HRP conjugated antibodies. (B) Immobilized

Angpt-2 (50 nM) was incubated with increasing concentrations

of purified plasma-derived VWF in 20 mM Bis–Tris pH 6.5/10

mM CaCl2 and bound VWF detected with anti-VWF–HRP

antibodies. Both binding curves were fitted using Prism

Software for Sciene (Version 7.0; GraphPad Software) using the

1-site binding equation. (C) VWF constructs at 30 nM final

concentration were incubated with immobilized Angpt-2 and

detected with rabbit anti-VWF–C-terminal antibodies and

antirabbit-HRP conjugated secondary antibody. (D) Recombinant

VWF A1 or A2 domain was incubated with immobilized Angpt-2

and detected with anti–Myc-Tag-HRP antibodies. (Error bars

represent mean ± SEM of 3 experiments performed in

duplicate). HRP, horse radish peroxidase; VWF, von Willebrand

factor.
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3.4 | The VWF–Angpt-2 complex is maintained

following release from ECs and is present in plasma

We then investigated whether the VWF–Angpt-2 interaction was

maintained following secretion from WPBs. HUVECs were treated

with 10 ng/mL TNFα for 4 hours to upregulate Angpt-2 expression

[27], and then stimulated with 100 μM histamine for 15 minutes to

induce WPB exocytosis. Immunoprecipitates from the cell culture

medium using polyclonal anti-Angpt-2 or anti-VWF antibodies were

analyzed by SDS-PAGE followed by Western blotting with anti-VWF–

HRP. Following TNFα treatment and histamine stimulation, a signifi-

cant amount of VWF was co-immunoprecipitated with Angpt-2,

providing further evidence that Angpt-2 binding to VWF occurs

within the cell, persists in the WPB and is maintained following

exocytosis (Figure 4A). It has been previously shown that OPG and

VWF remain complexed in plasma; therefore, we determined whether

the same is true of VWF and Angpt-2. VWF and Angpt-2 could be

reciprocally immunoprecipitated from human plasma (Figure 4B). To

investigate the relationship between free and VWF–Angpt-2, we

determined the plasma levels of Angpt-2 before and after immuno-

precipitation with anti-VWF antibodies. In all plasma samples, the

concentration of Angpt-2 decreased after immunoprecipitation of

VWF with an average decrease of 68.3%, indicating that �30% of

circulating Angpt-2 is unbound to VWF (Figure 4C). To explore the

relationship between VWF and Angpt-2 release from cultured ECs, we

performed confocal microscopy on TNFα-treated HUVECs activated

with histamine to stimulate the release of VWF. IF staining showed

co-localization of Angpt-2 on VWF strings released from activated

ECs (Figure 4D). Together, these data show that Angpt-2 can remain

in a complex with VWF following release from ECs.
3.5 | Angpt-2 in a complex with VWF is able to bind

to Tie-2

Because the interaction between VWF and Angpt-2 persists following

secretion, we investigated its effect on Angpt-2 binding to its receptor

on the EC surface, Tie2. The VWF–Angpt-2 complex was formed at pH

6.5, following which the pH was raised to 7.4. The complex was then

incubated with recombinant Tie-2–Fc. As a control, Angpt-2 or VWF

alone were also incubated with Tie-2–Fc. Tie-2–Fc was immunopre-

cipitated with protein G Dynabeads, and the immunoprecipitates were

analyzed by SDS-PAGE followed by Western blotting with antibodies

specific for VWF, Angpt-2, and Tie-2. As expected, Angpt-2 alone was

able to bind and co-immunoprecipitate with Tie-2, whereas VWF

alone was not. However, when the Angpt-2–VWF complex was

incubated with Tie-2, VWF was co-immunoprecipitated, indicating

that Angpt-2 can bind simultaneously to both molecules (Figure 5A).

Similarly, when Angpt-2 was complexed with VWF and incubated with

immobilized Tie-2–Fc, binding to VWF did not affect the ability of

Angpt-2 to interact with Tie-2 (Figure 5B).



F I GUR E 3 Binding of type 2B and

2M VWD variants located in the A1

domain of VWF have reduced

binding to Angpt-2. Maxisorp plates

coated with Angpt-2 were incubated

10 μg/mL wild-type recombinant

VWF or a panel of type 2B, 2M, and

2A von Willebrand disease causing

variants in 20 mM Bis–Tris pH 6.5/

10 mM CaCl2 and bound VWF

detected with anti-VWF–HRP

antibodies. (Ai) Interaction of type

2M (red bars) and 2B (blue bars) with

immobilized Angpt-2. Pro1467Ser

variant is shown in black. (Aii)

Interaction of VWF-6A with

immobilized Angpt-2. (B) Interaction

of type 2A variants with Angpt-2.

Black bars represent variants with

normal binding compared with

wtVWF, gray bars represent variants

with increased Ang2 binding. (C)

Mapping of the VWD variants on the

crystal structure of the VWF A1

domain using Pymol (protein

database code 1AUQ). HRP, horse

radish peroxidase; VWF, von

Willebrand factor.
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3.6 | Binding of Angpt-2 to the VWF A1 domain

does not alter the platelet capture function

Given the observation that Angpt-2 binds to the VWF A1 domain and

remains bound following secretion from the endothelium, we specu-

lated that this may affect the interaction of the VWF A1 domain

with GPIbα. To investigate this, we first examined VWF-platelet

string formation on HUVECs treated with siRNA against Angpt-2.
Despite a slight trend toward less platelet capture on Angpt-2

knock down cells, no significant difference in platelet string forma-

tion was seen in the absence of Angpt-2 (Figure 6A, B). Next, we

coated Ibidi VI0.4 flow slides with 30 μg/mL VWF then bound Angpt-2

(20 nM) at pH 6.5/10 mM CaCl2 and perfused over platelets and red

blood cells at 1000/s. No significant difference was seen between the

extent of platelet capture by VWF complexed with or without Angpt-2

(Figure 6D, E).



F I GUR E 4 The VWF–Angpt-2

complex is maintained following

secretion from HUVECs and is

present in plasma. (A) HUVECs

cultured in EBM-2 were seeded onto

6-wells plates and allowed to reach

confluency. Cells were treated with

10 ng/mL TNFα for 4 hours and then

stimulated with 100 μM histamine

for 3 minutes. Media was

immunoprecipitated with protein G

Dynabeads coupled to either

polyclonal anti-VWF or anti-Angpt-2

antibodies. Proteins were released

from the beads by heating at 95◦C
with 2×SDS gel loading buffer with

3% β-mercaptoethanol, then

electrophoresed through 4%–12%

gels. Then, Western blotting

membranes were probed with anti-

VWF–HRP antibodies. (B) Pooled

plasma from 4 donors was

precleared overnight with protein G

agarose beads, then

immunoprecipitated with M-280

Tosylactivated beads coupled to

either anti-VWF or anti-Angpt-2

antibodies or control IgG. Bound

proteins were eluted by heating at

70◦C in 2× SDS gel loading buffer

with 3% β-mercaptoethanol. (C)

Plasma samples from 3 healthy

controls (black circles) and 3 patients

with COVID-19 (red circles) were

immunoprecipitated with polyclonal

anti-VWF antibodies. Plasma Angpt-

2 levels before and after

immunoprecipitation were measured

using an Angpt-2 ELISA. (D) HUVECs

were stimulated with histamine, and

VWF strings released onto the cell

surface were stained with antibodies

specific to VWF and Angpt-2 and

appropriate secondary antibodies

conjugated with fluorescent dyes.

Images were taken at ×63 zoom on a

Leica Stellaris 8 confocal.

Representative images are shown

from 2 separate experiments. Angpt-

2, angiopoietin-2; HRP, horse radish

peroxidase; HUVEC, human

umbilical vein endothelial cell; VWF,

von Willebrand factor.
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4 | DISCUSSION

The synthesis of VWF in ECs drives the formation of WPBs that,

together with VWF, store a range of proteins involved in hemostatic,

inflammatory, and angiogenic pathways. The mechanism by which co-

storage of proteins with VWF is achieved seems to be variable. For
example, P-selectin can bind to VWF, but its storage in WPB is in-

dependent of this interaction [5], although FVIII binds closely to VWF

in plasma, binding to intracellular VWF is not necessary for FVIII

storage in WPB [28]. Nonetheless, a number of studies have demon-

strated that binding to VWF targets several proteins for WPB storage.

Our previous studies indicated that in the absence of VWF, Angpt-2



F I GUR E 5 Angpt-2 complexed to

VWF can bind to Tie-2. (A) Angpt-2 was

incubated with and without VWF at pH

6.5/10 mM CaCl2 and then the pH

raised to 7.4. Samples were then

incubated with soluble Tie-2–Fc and

immunoprecipitated with Protein G and

run on SDS-PAGE gels followed by

Western blotting and probing with

either anti-Angpt-2, anti-VWF, or anti-

Tie-2 antibodies. (B) Angpt-2 and VWF

were complexed as above and incubated

with immobilized Tie-2–Fc. Bound

Angpt-2 was detected with mouse anti-

Angpt-2 and antimouse-HRP antibodies.

Angpt-2, angiopoietin-2; HRP, horse

radish peroxidase; VWF, von Willebrand

factor.
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release from EC is increased, consistent with regulated release being

dependent on VWF and WPB formation [18]. In addition, VWD pa-

tients can experience gastrointestinal bleeding linked to angiodys-

plasia, and this is more frequent in patients with type 2A or very low

VWF plasma level [29–31]. We have previously proposed that VWF

may control angiogenesis partly by regulating Angpt-2 storage and

that abnormal angiogenesis may be responsible for angiodysplasia

seen in some patients with VWF deficiency (VWD) [32]. Similarly,

Selvam et al. [33] demonstrated that endothelial colony-forming cells

from patients with type 1 and type 3 VWD exhibited increased Angpt-

2 secretion, consistent with the lack of organelle storage. In the pre-

sent study, we have identified that Angpt-2 interacts with VWF with

high affinity, which helps explain these previous findings. In static

phase binding assays, Angpt-2 bound to VWF at pH 6.5 in the pres-

ence of 10 mM CaCl2, consistent with conditions thought to prevail in

the Golgi body [34–36] and which have been previously reported to

be optimal for VWF binding to other WPB components, OPG and IL-8

[15,16]. It remains to be established whether binding occurs following

multimerization or during the formation of VWF multimers. However,

plate-bound VWF and globular VWF had similar affinities for Angpt-2;

this would suggest that a conformational change is not required for

the interaction to occur. Interestingly, we found that Angpt-2 binds

predominantly to the A1 domain of VWF. This is also supported by our

observations that causative VWD mutations in the A1 but not in the

A2 domain reduced binding to Angpt-2. Although the spectrum of A1

domain variants tested did not localize the Angpt-2 binding site, it is

likely that mutations in the A1 domain disrupt the domain structure to

the extent that Angpt-2 binding is reduced. We have recently shown

that the heparin-binding domain present in the A1 domain of VWF

promotes the binding of multiple growth factors to VWF, including

VEGF-A and fibroblast growth factor-2 [37]. Interestingly, the VWF-

6A variant that contains 6 point mutations in the heparin-binding

site and causes >60% reduction in heparin binding did not exhibit

reduced binding to Angpt-2 [38]. Moreover, the Arg1341Gln variant,

that in our previous study reduced binding to VEGF-A, did not affect
Angpt-2 binding. Together these data suggest that the residues

involved in VWF-binding Angpt-2 are distinct from the heparin-

binding site. The finding that type 2B and 2M VWD mutations

cause reduced Angpt-2 binding raises the conjecture that patients

with mutations in the A1 domain may have altered Angpt-2 storage;

however, Groeneveld et al. [39] observed plasma concentrations of

Angpt-2 and OPG in 654 VWD patients and found no significant

differences in the concentrations of either proteins between the 3

main VWD types. Although they observed higher plasma Angpt-2

concentrations in type 2B patients, there was no statistical signifi-

cance. However, in the same study, mutations linked to increased

clearance and reduced VWF synthesis resulted in increased Angpt-2

levels. It is worth noting, however, that plasma Angpt-2 levels are

generally low in the healthy state and are only increased following

vascular perturbation. Further mapping studies will be required to

fully define which residues are crucial for binding and whether VWD

mutations in the A1 domain can affect Angpt-2 storage.

Significantly, the VWF–Angpt-2 complex remained intact

following secretion from ECs and similar to data shown for OPG,

Angpt-2 could be localized to VWF strings following stimulated

release from HUVECs; and complexes of Angpt-2 with VWF were also

present in human plasma, indicating that in vivo the interaction per-

sists following the release of VWF from ECs. This indicates that

despite the change in acidic pH from the WPB to the near neutral pH

of either cell media or plasma, the interaction is effectively main-

tained. Supporting this, studies on the role of VWF targeting FVIII to

WPBs have shown that FVIII is able to bind to VWF in a pH range of

6.2–7.4 with a reduction in binding affinity only seen at pH 5.5 [40],

indicating that FVIII can bind with high affinity to VWF at low pH and

remains associated following secretion. To determine the proportion

of Angpt-2 bound to VWF in plasma, we measured plasma Angpt-2

levels before and after immunoprecipitation of VWF. In all samples

a reduction in the Angpt-2 level was observed, with an average

reduction of �70%. This suggests that despite the high-affinity

interaction of Angpt-2 with VWF, �30% of plasma Angpt-2 is not



F I GUR E 6 Effect of Angpt-2 on

platelet capture to VWF. (A, B)

HUVECs treated with scrambled

siRNA (control) or siRNA against

Angpt-2 were cultured in Ibidi VI0.1

slides, stimulated with TNFα and

histamine, and perfused with washed

red blood cells and platelets for 3

minutes. Platelet string formation

was visualized in real-time and

platelet string coverage was

determined using Image J software.

(C) Western blot analysis of siRNA

knock down of Angpt-2 in TNFα-
treated cells. (D, E) Ibidi VI0.1 flow

slides were coated with 30 μg/mL

purified VWF and then incubated

with Angpt-2 diluted in 20 mM Bis–

Tris, 10 mM CaCl2, pH 6.5 for 1 hour.

Slides were then perfused with

washed red blood cells and platelets

at 1000/s for 5 minutes. Images were

captured after 5 minutes of

perfusion and the platelet surface

coverage was determined. Angpt-2,

angiopoietin-2; HUVEC, human

umbilical vein endothelial cell; TNFα,
tumor necrosis factor-alpha; VWF,

von Willebrand factor.
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bound to VWF. Because VWF expression is not uniform in all vascular

beds and Angpt-2 expression can occur in the absence of VWF, it can

therefore be secreted without VWF and can circulate without the

need to be in complex. Furthermore, because the complex appears to

preferentially form under conditions present inside the Golgi, the

plasma milieu may not represent the environment needed for the

interaction and thus free-circulating Angpt-2 would fail to interact

with circulating VWF.

The persistence of the majority of the VWF–Angpt-2 complex

following secretion suggests that VWF may be able to modulate

Angpt-2 function, potentially stabilizing and protecting Angpt-2 from

clearance. It is interesting to note that the half-life of Angpt-2 is �18

hours [6]. Although the half-life of VWF varies between individuals
(4–26 hours) [41], it is conceivable that VWF may contribute to the

long half-life of Angpt-2 by protecting it from clearance. Alternatively,

the interaction may aid in localizing Angpt-2 to sites of inflammation

or injury. Indeed, the VWF–Angpt-2 complex was still able to interact

with Tie-2; therefore, the interaction with VWF may function to

maintain a high local concentration of Angpt-2 following release from

the endothelium in response to stimuli. Further to this, the elevation

of VWF and Angpt-2 has been demonstrated in a number of disease

states. For example, both VWF and Angpt-2 concentrations are

significantly increased in severe sepsis and correlate with disease

severity [42–44]. Likewise, EC activation in COVID-19 infection re-

sults in enhanced plasma VWF and Angpt-2, and their concentrations

are associated with the severity of COVID-19 disease [45,46]. Thus, it



10 - MOBAYEN ET AL.
may be of clinical interest to determine the proportion of free and

VWF complexed Angpt-2 within the plasma of patients. Of the 6

plasma samples used in this study, 3 were from COVID-19 patients

who we had previously shown to have high plasma Angpt-2 levels [45].

We did not observe any differences between the ratio of bound and

unbound Angpt-2 compared with the 3 control plasma samples;

however, this is a highly limited sample number and further work is

needed to explore this. We also investigated the effect of Angpt-2

complexed with VWF on the ability of VWF to capture platelets.

Despite a trend to reduced platelet capture, no difference in the

platelets string surface coverage was observed between control and

Angpt-2–deficient cells. We also performed flow experiments where

the VWF–Angpt-2 complex was formed on a flow channel, and

platelet capture was examined in real time under shear stress. No

numerical difference was observed in platelet capture in the presence

or absence of Angpt-2, suggesting that Angpt-2 bound to VWF does

not affect the ability of VWF to bind to GPIbα on the platelet surface.

This is in contrast to recent data from Wohner et al. [47] that

demonstrated reduced platelet binding to VWF in the presence of

OPG, indicating distinct binding sites for OPG and Angpt-2 on VWF.

In conclusion, these data confirm that Angpt-2 is a novel binding

partner for the A1 domain of VWF that does not appear to signifi-

cantly influence VWF function. Further work is needed to establish

the functional significance of the interaction, but it is likely that VWF

mediates the storage of Angpt-2.
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